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ABSTRACT 
 
With the growing problem of herbicide-resistant weeds, efficient and environmentally 
friendly non-chemical weed control approaches are needed to develop multi-tactic integrated 
weed management (IWM) programs. Using soil microbes for weed suppression has been 
considered as one of the non-chemical approaches, owing to the microbial potential for reducing 
weed growth and influencing weed community dynamics. However, successful use of soil 
microbes as classical biocontrol agents, which rely on importing control agents in the introduced 
environment, has been rare in agricultural fields. This is because agricultural practices can 
strongly change the soil and environmental properties in a way that reduce the population density 
of an introduced agent and result in an insufficient level of weed control. Therefore, conservation 
biocontrol approaches based on manipulating the population of residential enemies of target 
species that are well adapted to local environments, may hold more promise. In this study, I 
investigated whether arbuscular mycorrhizal fungi (AMF), a group of widely distributed soil 
fungi, can have suppressive effects on weeds under field conditions varying in soil management 
practices, and thereby contribute to IWM in agricultural systems. 
AMF form symbiotic associations with more than 80% of land plants, and can strongly 
influence plant growth through impacts on nutrient and water uptake, stress tolerance, and 
pathogen defense. AMF can negatively influence the growth of some weeds, including many 
non-host weeds and some host weeds. Non-host weeds, which are resistant to the colonization of 
AMF, tend to have negative responses when interacting with AMF, based on several 
mechanisms. AMF can also inflict costs on host weeds when external nutrients, particular 
phosphorus (P), are abundant, or when the host weed is physically near a host crop species. 
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Based on these facts, I hypothesized that AMF have the potential to contribute to weed control 
through direct and indirect pathways: directly suppress non-host weeds by influencing their root 
development, and indirectly suppress some host weeds mediated by competitive effects exerted 
by strong neighboring host crops. In this study, I used three quantitative and experimental 
approaches to test these hypotheses.  
First, a systematic meta-analysis was conducted to identify patterns in crop and weed 
responses to AMF from an intensive survey of published data. The effects of crop and weed host 
status (strong and weak AMF hosts are divided in this study by a 10% root length colonization 
threshold), AMF diversity (single vs. mixed), and soil nitrogen (N) and P fertility management 
on plant mycorrhizal growth responses (MGR) was quantified. Results from meta-analysis 
supported the first hypothesis demonstrating that AMF had a significantly negative impact on the 
growth of weak host weeds. In addition, in the presence of N and P fertilizers, strong host crops 
had a stronger positive response to AMF than strong host weeds, which supported the second 
hypothesis.  
Second, a field experiment was carried out to test whether the suppressive effects of 
AMF on weed growth were consistent under field conditions when soil properties were 
manipulated by tillage and cover crop treatments. Five weed species were planted within 
combinations of two tillage and cover crop treatments at two locations: Illinois (IL) and 
Minnesota (MN). Structural equation modeling approach was used to quantify the direct and 
indirect impact of AMF, soil inorganic N, and soil physical properties on weed growth. Results 
showed that although AMF colonization rate showed slightly negative effects on the growth of 
some weed species, the relationships were not significant under field conditions. In addition, the 
relative importance of AMF on weed growth was weaker than that of soil properties.  
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Third, I investigated whether managing the community structure of AMF can enhance 
their potential for weed control. A two-year field experiment was conducted in IL, and five weed 
species were planted in a maize field. The experimental design was the same as the second study. 
AMF community DNA in weed and maize roots was extracted and sequenced. Multivariate 
analyses were carried out to identify AMF species that have selective effects on the growth of 
maize and weed species as well as quantify the relative importance of plant identity, tillage, and 
cover cropping in influencing AMF community structure. The results demonstrated that several 
AMF taxa could suppress the growth of specific weeds without influencing the growth of maize. 
Tillage and cover cropping made significant contributions to AMF community structure, but 
their effect sizes were small, indicating a limited possibility of using tillage and cover cropping 
to manage AMF communities. Approaches to weed management based on direct augmentation 
(e.g., inoculation with particular AMF strains) of the weed-suppressing AMF taxa may hold 
more promise. 
 Overall, the results from three studies demonstrated that AMF have direct or indirect 
impacts on weed growth based on weed identity, host status, and environmental context. 
Although the effect of the AMF community as a whole on weed growth may be not significant 
under field conditions, increasing the abundance of potential weed-suppressive AMF species in 
the AMF community through direct augmentation (e.g., inoculation with particular AMF strains) 
may help to improve the control potential of AMF on specific weed species. Additional research 
supporting improved weed control by AMF, and the incorporation of other biological, physical, 
and chemical control methods will be necessary to make AMF a viable part of the IWM toolkit. 
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CHAPTER 1: META-ANALYSIS OF CROP AND WEED GROWTH RESPONSES TO 
ARBUSCULAR MYCORRHIZAL FUNGI: IMPLICATIONS FOR INTEGRATED 
WEED MANAGEMENT 1 
 
Abstract 
Integrated weed management (IWM) relies upon multiple chemical, physical or 
biological weed management techniques to achieve an acceptable level of weed control. Agents 
that selectively suppress weeds but not crops and that can be manipulated in agricultural systems 
will be promising components for inclusion in IWM. We used a meta-analytic approach to 
investigate the potential of arbuscular mycorrhizal fungi (AMF) to contribute to IWM. We 
quantified the effect of crop and weed host status (strong and weak AMF hosts are divided in this 
study by a 10% root length colonization threshold), AMF diversity (single vs. mixed), and soil N 
and P fertility management on plant mycorrhizal growth responses (MGR). Our results indicated 
that weak host weeds had consistently lower MGRs than strong host crops in both controlled and 
field conditions. Moreover, these differences in MGRs between weak host weeds and strong host 
crops were more pronounced under mixed AMF inoculum and low N and P nutrient availability. 
In contrast, MGR of strong host weeds was not different from strong host crops in general. 
However, we observed a wide range of MGRs among strong host weeds, some of which had 
much lower MGRs than strong host crops. In addition, in the presence of N and P fertilizers, 
strong host crops had a stronger positive response to AMF than strong host weeds. Thus, our 
meta-analysis indicates that AMF have potential to contribute to weed control by direct and 
                                                          
1 The material presented in Chapter 1 was previously published in Weed Science and is referred to later in this 
dissertation as “Li et al., 2016”. Li, M., Jordan, N.R., Koide, R.T., Yannarell, A.C., Davis, A.S., 2016. Meta-
Analysis of Crop and Weed Growth Responses to Arbuscular Mycorrhizal Fungi: Implications for Integrated Weed 
Management. Weed Science 64: 642-652. 
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indirect pathways: directly suppress weak host weeds, and indirectly suppress some strong host 
weeds mediating by competitive effects exerted by strong host crops. We suggest that 
management practices affecting AMF diversity and crop and weed mycorrhizal responses could 
be chosen to improve the contribution of AMF to IWM. Better understanding is needed of crop-
weed-AMF interactions and management practices that enhance this form of weed management.  
 
Introduction 
The selection for weed genotypes resistant to herbicides and other management practices 
indicates a need for diversification of weed management through integrated approaches (Heap 
2014; Owen et al. 2015). Integrated weed management (IWM) relies upon multiple chemical, 
physical or biological weed management techniques, guided by biological and ecological 
knowledge of weeds, to achieve an acceptable level of weed control (Buhler 2002). The search 
for promising viral, bacterial and fungal taxa for weed control strategies for inclusion in IWM 
programs has attracted considerable attention (Hallett 2005; Harding and Raizada 2015). 
However, few such methods have become widely adopted (Charudattan 2001; Harding and 
Raizada 2015). Two crucial prerequisites when considering whether a new weed management 
tactic will be effective in IWM include whether the tactic a) creates a differential impact on the 
crop and weed, and b) can be managed consistently. 
In this study, we investigate whether arbuscular mycorrhizal fungi (AMF) meet these 
criteria, and therefore may have potential as part of an IWM approach. Recent experimental and 
meta-analytic studies of interactions between AMF and plants provide evidence of differential 
plant responses to AMF, and context-dependent environmental control over these responses 
(Hoeksema et al. 2010). In addition, detailed studies of interactions between AMF and a limited 
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number of agricultural weeds have been performed, but have not been synthesized into a more 
comprehensive quantitative understanding of AMF-weed interactions (Allen et al. 1989; Francis 
and Read 1994; 1995; Jordan and Huerd 2008; Rinaudo et al. 2010; Sanders and Koide 1994; 
Vatovec et al. 2005; Veiga et al. 2011). This range of studies highlights needs for a broad-based 
assessment of AMF-weed interactions and comparison of those interactions to AMF-crop 
interactions. Here, we meet those needs via a meta-analytic approach, aiming to improve 
understanding of the role of crop and weed host status and environmental context in determining 
AMF-plant interactions. Our objective is to build understanding of whether and under what 
circumstances AMF may contribute to IWM. 
AMF are a globally distributed group of organisms that can form symbioses, in the form 
of mycorrhizae associated with plant roots, with more than 66% of terrestrial plant and 74% of 
angiosperm species (Brundrett 2009). They provide many ecosystem benefits to host plants, 
including facilitation of nutrient and water uptake (Bolan 1991; Marulanda et al. 2003), 
enhanced stress tolerance (Al-Karaki et al. 2004; Auge et al. 2014; Chandrasekaran et al. 2014; 
Lehmann and Rillig 2015), and improved defense against pathogens (Borowicz 2001; Cordier et 
al. 1998). AMF can also have negative or neutral effects on plant growth (Francis and Read 1995; 
Klironomos 2003; Sanders and Koide 1994). It is now recognized that interactions between AMF 
and plants fall along a continuum ranging from mutualism to antagonism (Johnson et al. 1997; 
Klironomos 2003). 
The direction and magnitude of the interactions along this continuum can be shaped by 
various abiotic and biotic factors, such as nutrient levels, sources of AMF inocula, plant invasive 
status, and plant phylogenetic relationships (Bunn et al. 2015; Hoeksema et al. 2010; Maltz and 
Treseder 2015; Treseder 2004; Veresoglou and Rillig 2014). Host status, i.e., extent of 
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mycorrhizal colonization of plant root, has been proposed as a mechanism underlying the 
variation in how different plant species respond differently to AMF (Feldmann et al. 2009; 
Treseder 2013). Plants with mycorrhizal root colonization rating lower than 20-30% were more 
likely to have non-positive mycorrhizal responses (Feldmann et al. 2009). Possible explanations 
for non-beneficial effects of AMF on weak and non-host plants include 1) direct inhibitory 
effects of AMF on non-mycorrhizal root development (Allen et al. 1989; Francis and Read 1994; 
1995); 2) direct inhibitory effects of allelopathic exudates released from AMF on the growth of 
non-host plants (Francis and Read 1994); and 3) competitive disadvantages of weak and non-
host plants compared with strong host plants in response to AMF infection (Sanders and Koide 
1994).  
Among studies in which AMF have antagonistic effects on weak and non-host plants, 
many of the focal plants are weedy and invasive species (Allen et al. 1989; Francis and Read 
1995; Jordan and Huerd 2008; Rinaudo et al. 2010; Veiga et al. 2011). For example, the growth 
of four agricultural weeds was reduced by 22% to 35%, when colonized by AMF (Veiga et al. 
2011). There have also been anecdotal reports that weed species are more likely to be weak and 
non-hosts than are crop species (Brundrett 2009; Francis and Read 1994). In a comprehensive 
summary of plant AMF host status (Wang and Qiu 2006), weeds had higher representation 
among non-hosts (20% of non-mycorrhizal angiosperms) than did crops (3% of non-mycorrhizal 
angiosperms). These patterns underscore the need for systematic analysis of previous studies to 
assess whether weak and non-host plants consistently show negative responses to AMF and 
whether weak and non-host species are more common among weeds than among crops. If so, the 
differential vulnerability of weeds to AMF, relative to crops, could be exploited in IWM 
strategies.  
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Another knowledge gap, with respect to the potential impact of AMF on crops and weeds, 
is the degree to which management of agricultural soils affects crop and weed responses to AMF. 
Agronomic practices can affect soil properties and cause changes in the abundance and diversity 
of AMF and their effects on plant growth. For example, AMF richness and abundance in soils 
can be increased by reducing the intensity of tillage, so as to avoid severing pre-established 
mycelial networks, and diluting spores and hyphal densities (Kiers et al. 2002). Crop systems 
incorporating diverse plant species, such as crop rotation and cover crops, can change soil AMF 
community compositions and maintain high abundance of AMF across successive growing 
seasons (Hijri et al. 2006; Karasawa and Takebe 2012; Oehl et al. 2003; Ramos-Zapata et al. 
2012). In contrast, high soil P and N inputs can reduce the abundance and diversity of AMF, and 
cause a reduction in plant mycorrhizal responsiveness (Hoeksema et al. 2010; Peng et al. 1993; 
Treseder 2004). The application of herbicides, especially glyphosate, can reduce the viability of 
AMF propagules in soils and decrease plant mycorrhizal colonization rates (Druille et al. 2013; 
Druille et al 2015; Zaller et al. 2014). In addition, some genetically modified crops were 
proposed to negatively impact AMF-plant symbiotic development and decrease AMF diversity 
after a long-term cultivation (Liu 2010). With a better understanding of what crop-weed species 
mixtures are amenable to weed suppression and crop stimulation by AMF, it is possible that 
agronomic practices can be chosen specifically to enhance the contribution of AMF to IWM.  
In this study, we propose that a quantitative understanding of crop and weed host status 
and their mycorrhizal growth responses in different environmental conditions will help to 
identify situations that favor AMF in IWM. Meta-analysis offers an approach for combining 
results and identifying patterns among multiple studies. Although numerous recent meta-
analyses have advanced knowledge of AMF-plant relationships (Auge et al. 2014; Bunn et al. 
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2015; Chandrasekaran et al. 2014; Hoeksema et al. 2010; Jayne and Quigley 2014; Lehmann and 
Rillig 2015; Lekberg and Koide 2005; Lin et al. 2015; Maltz and Treseder 2015; Treseder 2004; 
Veresoglou and Rillig 2014), none have specifically focused on AMF impacts on weeds. The 
growing body of literature examining AMF-crop and AMF-weed interactions under controlled 
and field conditions makes such a meta-analysis possible. Our experimental approach was 
framed by two research questions. First, can AMF have different effects on weeds and crops 
based on their host status? Second, can the effect of AMF on weeds and crops be affected by 
environmental variables such as location, AMF inoculum richness, and nutrient application? 
 
Materials and Methods 
Data Source  
We carried out an initial search in the ISI Web of Science database (1990-2013) using 
keywords “arbuscular mycorrhiz* and inocul*” on July 31, 2013. Supplemental searches were 
conducted from November 6 to November 12, 2015, using keywords “arbuscular mycorrhiz*, 
incol*, and weed”, “arbuscular mycorrhiz*, inocul*, field experiment and cropping”, and 
“arbuscular mycorrhiz*, field, and weed”. Respectively, these searches retrieved 3,197; 178; 
1,075; and 273 articles. Articles were then screened for the following criteria: 1) either crop or 
weed species was reported; 2) yield, whole plant biomass, or shoot biomass was reported; 3) 
sample sizes and variances (e.g., standard deviation, standard error or confidence interval) were 
reported; 4) if multiple levels of environmental factors were reported in one study, data from the 
treatment level closest to ambient conditions was collected (e.g., if multiple copper levels were 
reported, only the study with the ambient copper concentration was included in the database); 
and 5) if multiple harvest points were reported, data from the final time point were included. The 
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resulting database contained 114 publications, comprising 410 studies (see Appendix A for 
publication list). Weed species were not restricted to agricultural weeds, but included weeds 
found in highly disturbed and non-arable early successional environments. Among the 410 
studies, 233 and 177 were of crops and weeds, respectively; 120 were field studies, and 290 were 
greenhouse studies. Plants have been divided into strong hosts, weak hosts and non-hosts based 
on their percent root length colonized by AMF (Vatovec et al. 2005). However, the mycorrhizal 
status of many plants was not clearly distinguished and some so-called non-host species can have 
very low mycorrhizal colonization rate (<10%) in some cases (Vatovec et al. 2005; Wang and 
Qiu 2006). In our meta-analysis, plants with percent root length colonized by AMF (%RLC) 
greater than 10% were classified as strong hosts, whereas non-host plants and those with %RLC 
no greater than 10% were classified as weak hosts. For few studies which %RLC were not 
reported, we consulted Wang & Qiu (2006) and at least two other papers with the same species.  
 
Data Analysis 
Effect size was calculated as the natural log of the response ratio of the mean biomass of 
inoculated plants in comparison to that of control plants, also known as plant ‘mycorrhizal 
growth response’ (MGR) (Hoeksema et al. 2010). Whenever possible, whole plant biomass or 
shoot biomass was used to determine MGR; however, for some papers focused on crop species, 
only economic yield (e.g., grain or fruit mass) was reported, and yield was therefore used to 
calculate MGR in these cases. Effect size was calculated as: 
Effect size=𝑙𝑛(𝑋𝑡/𝑋𝑐)      [1] 
where 𝑋𝑡 was the mean biomass of the AMF group and 𝑋𝑐 was the mean biomass of the 
corresponding control group.  
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For each study, measures of dispersion (SD: standard deviation, SE: standard error, or CI: 
confidence interval) and sample size (𝑛) were collected. Dispersion measures were converted to 
SD before doing meta-analysis. SE was converted to SD using the equation: SE = SD/√𝑛. If 95% 
CI was reported, it was converted according to the equation: SD =√𝑛 ∗ (𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 −
𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡)/3.92. Mean squared error was converted to SD using the equation: SD=√𝑀𝑆𝐸. If 
least significant difference (LSD) was reported, then the MSE was first computed by LSD 
= 𝑡𝛼
2
√
2𝑀𝑆𝐸
𝑛
, where 𝑛 was the sample size and 𝑡𝛼
2
 followed the 𝑡 distribution with a significance 
level of 𝛼 and n degrees of freedom. MSE was then converted to SD.  
We used the random-effects meta-analysis model to calculate the summary effect size of 
plant MGR. In a random-effects model, the variation of any given study consists two parts: 
within study variance and between-studies variance. Within study variance depends on the SD, 
which is collected from the given study, and between-studies variance depends on the variation 
of the distribution of effect sizes across all studies. We used the DerSimonian and Laird method 
to estimate the between-studies variance value (DerSimonian and Laird 1986), and this same 
value applied to all studies in the meta-analysis. In order to down-weight studies with highly 
variable data, each study was assigned with a weight, which was the inverse of within and 
between-studies variances (Hedges et al. 1999). Individual effect sizes were weighted by the 
given weight, and the mean effect size across all studies was obtained by the sum of weighted 
effect sizes divided by the sum of weights (Borenstein 2009a). 
Mixed-effect meta-regression models were used to estimate the effect size of subgroups. 
Confidence intervals (95%) were calculated for each mean effect size. All pairwise comparisons 
were carried out using Tukey’s method, along with Holm-Bonferroni corrected P-values. When 
P-value for the corresponding comparison was less than 0.05, mean effect sizes were considered 
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as significantly different from each other. Omnibus tests were carried out for all models to test 
the significance of model coefficients (𝑄𝑚). In addition, 𝑄𝑒 was reported to estimate residual 
heterogeneity for each analysis (Borenstein et al. 2009b). All analyses were conducted using the 
package ‘metafor’ in R version 3.3.2 (Viechtbauer 2010).  
 
Results and Discussion 
Overall Effect 
The effect of AMF on plant growth spanned a broad range, with negative mycorrhizal 
growth response (MGR) indicating plant growth reductions, and positive MGR indicating plant 
growth increases when colonized by AMF (Figure 1.1). According to our results, the mean effect 
size across all studies was significantly positive (MGR=0.23, P <0.0001) (Table B.1), indicating 
a mean plant growth increase by 26% when colonized by AMF. This result was similar to results 
of previous meta-analytical papers in which plant-AMF relationships were investigated 
(Chandrasekaran et al. 2014; Hoeksema et al. 2010; Yang et al. 2015). In addition, effect sizes of 
individual studies ranged widely from negative to positive (Figure 1.1), following the mutualism-
parasitism continuum previously shown for AMF-plant relationships (Johnson et al. 1997).  
 
Responses of Crops and Weeds to AMF 
In the following two sub-sections, we compare the relative MGR of weak and strong host 
weeds, respectively, with those of weak and strong host crops. We saw similar MGR for 
greenhouse and field studies (Figure 1.2; Table B.1) and therefore present analyses for data 
aggregated across these conditions. This corroborates a previous report, in which growth 
environment (greenhouse compared to field conditions) was relatively unimportant to AMF-plant 
10 
 
interactions (Hoeksema et al. 2010). General correlations of AMF effects on plants between field 
and greenhouse experiments have also been reported in individual studies (Pringle and Bever 
2008). The consistent results between greenhouse and field data suggest that the mycorrhizal 
growth response of a plant in the field may roughly be predicted by its response to AMF in 
controlled experiments.  
 
Weak Host Weeds Compared to Crops 
AMF had generally negative effects on weak host weeds (weak hosts contained non-hosts 
and host species with the percent root length colonization rate from 0-10%). According to our 
results, weak host weeds showed negative growth responses to AMF (MGR=-0.19, 95% CI= -
0.29 to -0.10, n=41) (Figure 1.3). In addition, we found a higher number of studies with weak 
host weeds (n=41 from 19 different species) than that of weak host crops (n=13 from 8 different 
species) in our dataset. Weak host crops displayed no differences in mycorrhizal growth 
responses from zero (MGR=0, 95% CI=-0.11 to 0.11, n=13) (Figure 1.3). Moreover, the effect of 
AMF on weak host weeds was significantly lower than the effect of AMF on strong host crops 
(strong hosts included plant with the percent root length colonization rate greater than 10%) 
(MGR=0.28, 95% CI=0.26 to 0.31, n=220) (Figure 1.3; Table B.1 and B2).  
These results indicate that weak host weeds respond negatively to the colonization of 
AMF, and that AMF weak hosts are more prevalent among weeds than crops. The detrimental 
effects of AMF on weak host weeds suggest that managing for abundant AMF communities can 
be part of a generally “weed-suppressive” strategy in fields where dominant weeds are weak 
hosts. In addition, the considerable difference in MGR between weak host weeds and strong host 
crops holds out the possibility that the use of AMF in the weed management of weak host weeds 
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may contribute to IWM approaches, especially when major strong host crops are planted. 
Controlled (greenhouse and growth chamber) and field studies are needed to test these 
hypotheses. 
 
Strong Host Weeds Compared to Crops 
Agroecosystem design for selective management of strong host weeds by AMF may be 
aided by information on crop and weed host status and community composition. The mean 
growth response of strong host weeds (MGR=0.24, 95% CI =0.19 to 0.28, n=125) was positive, 
and was not different from that of strong host crops (MGR=0.28, 95% CI=0.26 to 0.31) (Figure 
1.3; Table B.1 and B2). However, we observed a wide range of MGRs among strong host weeds, 
some of which were minimally responsive to AMF symbiosis, and had a much lower MGR than 
strong host crops (Figure 1.3). In addition, variation in the MGR of strong host weeds (2MGR = 
0.07) was 1.6 times greater than that of strong host crops (2MGR = 0.04). We hypothesize that 
the difference in the distribution of MGRs between weeds and crops forms the basis for a 
potential approach to using AMF in weed management: in cropping systems in which high MGR 
crops co-occur with low MGR weeds, changes in management to promote AMF diversity and 
abundance would be predicted to differentially benefit crop growth, thus indirectly suppressing 
the low-MGR weeds through enhanced crop competition. In essence, AMF may contribute to 
IWM by indirectly suppressing weed species that are low-MGR strong hosts. A key condition for 
this effect is the use of high-MGR crop varieties and management methods that support diverse 
and abundant AMF communities in agroecosystems (e.g., minimal tillage).  
It’s worth noting that the positive MGR of strong host weeds also indicates a possibility 
that AMF may increase the interference of strong host weeds against weak host crops. However, 
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competitive suppression of weak host crops in the field may lead to disruptions of symbiotic 
associations between AMF and strong weed hosts, because some non-host plants are able to 
release allelochemicals, which could suppress AMF in soils (Koide and Peoples 2012; Kremer 
2014). Conventional agricultural practices that reduce AMF abundance could also be used for 
weak host crops, such as crops from Brassicaceae family (e.g., canola or broccoli). In light of 
these results, knowledge of crop and weed host status and community composition on a 
particular farm may help producers to decide whether management actions that favor AMF will 
enhance IWM. 
 
Biotic and Abiotic Effects on AMF-weed and AMF-crop Interactions 
In addition to plant host strength and AMF community, environmental context must also 
be taken into account in deciding whether managing AMF for contributions to IWM will be 
successful. Here, we consider the question of the environmental conditions under which weed 
management with AMF is most likely to succeed. These conditions may include soil biological 
and chemical properties that could be manipulated by producers, such as AMF species richness 
and soil nutrient levels. 
 
Inoculum Species Richness 
Plant types and AMF inoculum richness showed a significant interaction effect 
(𝑄𝑚=42.28, df=3, P-value=<0.0001) (Figure 1.4; Table B.1), indicating that crops and weeds 
have differential response patterns when interacting with single and mixed AMF inoculum 
species. Strong host crops showed a higher MGR when colonized by mixed AMF species than 
when colonized by single AMF species (P<0.0001) (Figure 1.4; Table B.3). In contrast, weak 
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host weeds showed a lower MGR when colonized by mixed AMF species than single AMF 
colonized ones (P=0.0003) (Figure 1.4; Table B.3). In addition, weak host weeds displayed a 
lower MGR than strong host crops when inoculated with mixed AMF species (P<0.0001) 
(Figure 1.4; Table B.3). However, this is not the case with single AMF inoculum studies, in 
which the mean MGR of weak host weeds showed no difference in comparison with strong host 
crops (P=0.10) (Figure 1.4; Table B.3).  
The reason for higher MGRs for strong host crops under mixed AMF inoculation than 
single AMF inoculation may be that various AMF species interacted to produce complementary 
effects (Koide 2000; Maherali and Klironomos 2007; Smith et al. 2000). Different AMF species 
have different functional effects, which may combine to produce an overall greater benefit to 
their hosts (Hart et al. 2003). We speculate that mixed AMF inoculum may have similarly 
diverse functions when interacting with weak host weeds, in which effects of various AMF 
species in the community combine to produce a more pronounced negative impact on the weak 
host weeds. For example, in a previous AMF-weed experiment, Setaria viridis showed a stronger 
negative growth response to inoculum mixtures of AMF species than to those comprised of a 
single AMF species (Veiga et al. 2011). The positive relationship between AMF richness and 
MGRs of strong host crops, and the negative relationship between AMF richness and MGR of 
weak host weeds, emphasize the need to protect and conserve AMF diversity in production 
situations in which AMF weed management benefits are desired (Table 1.1). 
Farmers seeking to harness AMF for weed management purposes can manipulate AMF 
diversity in their soils through tillage, vegetation and nutrient management. Soil disturbance 
intensity is inversely proportional to AMF diversity; for example, AMF diversity was higher in 
soils managed without tillage than in soils managed with moldboard plowing or subsoil-tillage 
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(Alguacil et al. 2008). Floristic diversity has been found to be proportional to AMF diversity, 
with crop rotation promoting a more diversified AMF community compared to soils under 
continuous mono-cropping systems (Oehl et al. 2003). The adoption of cover crops, especially 
the mixture of different cover crops, could provide diverse and continuous living hosts to 
increase AMF propagule numbers in soils (Kabir and Koide 2002; Lehman et al. 2012). 
Avoiding long-term high inputs of mineral fertilizers, especially phosphorus, can protect AMF 
diversity in soils (Lin et al. 2012; Oehl et al. 2004). Finally, diversified organic production 
systems, which feature a combination of absence of inorganic fertilizers with long crop rotations 
that include forage legumes have been found to promote suppression of weeds by AMF (Vatovec 
et al. 2005). We speculate that agricultural management practices, such as those mentioned here, 
that increase AMF diversity may, in turn, contribute to suppression of weak host weeds. More 
field studies are needed to quantify the effect of AMF in weed control under different 
management practices to determine how stable this effect is under variable growing 
environments.    
 
Nutrient Levels 
Weed response to AMF showed a strong interaction effect between host status and 
nutrient addition (N and plant type interaction: 𝑄𝑚=37.15, df=3, P-value=<0.0001; P and plant 
type interaction: 𝑄𝑚=54.46, df=3, P-value=<0.0001) (Figures 1.5 and 1.6; Table B.1). When N 
and P were applied, there was no difference in MGR between strong and weak weed hosts, 
whereas when these nutrients were withheld, the MGR of strong weed hosts increased greatly 
and the MGR of weak weed hosts decreased greatly (Figures 1.5 and 1.6; Table B.3). The large 
differential impact of nutrient addition on the MGR of weak and strong weed hosts helps to 
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identify contrasting nutrient management strategies for obtaining weed suppression by AMF 
under different combinations of crop and weed host strength.  
First, adding or withholding N and P fertilizer strongly affected mycorrhizal responses of 
weak host weeds and strong host crops. Weak host weeds showed consistently lower MGRs than 
strong host crops in the absence of N fertilizers (P<0.0001). However, there was no difference 
between these two groups when N fertilizers were applied (P=0.49) (Figure 1.5; Table B.3). 
Similarly, weak host weeds showed a lower MGR than strong host crops in the absence of P 
fertilizers (P<0.0001), but the difference reduced drastically when P fertilizers were applied 
(P=0.016) (Figure 1.6; Table B.3). High concentrations of plant-available N and P have been 
found to reduce the abundance of mycorrhizal inoculum in soils (Peng et al. 1993; Treseder 
2004). As a result, both beneficial and detrimental effects of AMF on crops and weeds may have 
decreased because of the reduced AMF inocula under high fertility levels. Thus, soils with low N 
and P fertilizer application will favor AMF suppression of weak host weeds among strong host 
crops, compared to soils receiving high N and P (Table 1.1). Clearly, creating nutrient-poor soils 
is not a recommended practice for production agriculture, therefore this strategy may be most 
beneficial to both weed suppression and crop yield in organic systems, where nutrient levels are 
typically lower than in conventional systems (Seufert et al. 2012), and under soil management 
practices that concentrate nutrients in the crop row, such as ridge tillage, narrow in-soil bands 
and point-injected fertilizer application (Blackshaw et al. 2004b; Kane et al. 2015).  
Second, the presence and absence of fertilizer N and P also had a pronounced, but 
opposite, effect on responses of strong host weeds and strong host crops to AMF. The mean 
MGR of strong host weeds was lower than that of strong host crops across studies in which N 
was applied (P=0.002). However, this effect was not observed in the absence of N fertilizers 
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(P=0.46) (Figure 1.5; Table B.3). Likewise, across studies in which P was applied, the mean 
MGR of strong host weeds was lower than that of strong host crops (P<0.0001). However, there 
was no difference in the absence of P fertilizer (P=0.20) (Figure 1.6; Table B.3). These results 
indicate that strong host crops may obtain more benefits from AMF than do strong host weeds in 
the presence of N and P fertilizer. However, high concentrations of plant-available N and P may 
reduce the abundance of mycorrhizal inoculum in soils (Peng et al. 1993; Treseder 2004). In 
addition, high fertilizer application brings with it the risk of improving the competitive ability of 
weeds against crops, because some weeds can absorb more fertilizer-sourced macronutrient, such 
as N, P, K, and S, through their finely branched root systems than crops (Blackshaw et al. 2004a; 
Blackshaw et al. 2003; Grant et al. 2007). Therefore, this strategy may be most beneficial to 
weed control under nutrient management practices that optimize nutrient application rate and 
timing in relation to the main crop. For example, delayed nutrient application can offer a growth 
advantage for crops over weeds at the initial stage (Blackshaw et al. 2004b; Di Tomaso 1995; 
Liebman and Davis 2000). This initial growth advantage of crops may be further assisted by 
AMF, which disproportionately benefit crops, compared to weeds, in the presence of N and P 
fertilizers. A better understanding of the interaction between crop and weed host status and soil 
nutrient availability will help to evaluate when nutrient application will contribute to greater 
weed control by AMF (Table 1.1). Incorporating both weed management and soil fertility 
considerations may be especially helpful for producers to make decisions to achieve better weed 
control while maintaining good crop yields.  
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Implications for AMF in Integrated Weed Management 
Our meta-analysis of the variation in crop-weed-AMF interactions indicates that 
knowledge of crop and weed AMF host status and AMF community composition on a particular 
farm could help producers to decide when AMF offer useful levels of weed suppression. We 
have shown that crop and weed MGRs are context-specific, responding to both biotic and abiotic 
factors that are likely to vary at the farm level. Depending upon the conditions and weed 
communities of a particular agroecosystem, our results suggest that it may be feasible for 
producers to use different levels of tillage intensity, vegetation management, and soil fertility 
inputs to manage AMF-weed-crop interactions and thereby enhance IWM (Table 1.1).  
Our analysis indicates that weak host weeds show consistent negative responses to AMF. 
We infer that AMF have potential to directly suppress weak host weeds in fields where host 
crops are planted, as proposed in Figure 1.7. Because many weed species are weak hosts, and 
most major crops are strong hosts, this situation may occur frequently enough to make this 
approach to IWM useful. Our observations of decreased MGRs of weak host weeds with mixed 
AMF inocula, compared to single AMF inocula, highlight the need for soil-building management 
practices which promote AMF diversity, to increase weed control benefits of AMF. In addition, 
the decreased MGR of weak host weeds in the absence of N or P fertilizer, compared to the 
condition in which N or P is present, point to the possible value of low input management 
practices, which also promote AMF diversity, to increase weed control benefits of AMF. Thus, 
major production practices that establish a relatively vigorous AMF mycelium in soils at the time 
of weed establishment, such as ridge-till, no-till, application of crop rotation and less application 
of synthetic fertilizers and herbicides (Druille et al. 2015; Jansa et al. 2006; Karasawa and 
Takebe 2012; Zaller et al 2014), may achieve a strong control over weak host weeds. It is also 
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worth considering that because a number of annual weeds with herbicide resistance biotypes are 
non-hosts and weak hosts, such as the Amaranthus species (Amaranthus tuberculatus, 
Amaranthus retroflexus and Amaranthus palmeri), Chenopodium album and Raphanus 
raphanistrum (Heap 2014; Wang and Qiu 2006), the potential benefits of AMF for weak host 
weed management may be also useful in areas where given herbicide resistance weeds are 
present (Kremer 2014).  
On average, AMF did not differentiate in their impacts on strong host crops and strong 
host weeds in the studies we analyzed. However, as noted, AMF may differentially benefit high-
MGR crops compared to low-MGR host weeds, enhancing indirect weed suppression by crop 
competition, as proposed in Figure 1.7. Future work is needed to elucidate the contribution of the 
specificity of crop-weed-AMF interactions to crop-weed interference within both laboratory and 
field study systems (Rinaudo et al. 2010; Veiga et al. 2011), given that these interactions may 
vary in response to physiological, evolutionary and genetic differences among the species 
involved. In addition, our results indicate a trend that AMF may benefit strong host crops more 
than strong host weeds when fertilizer P and N are present. Given the effects of nutrient levels on 
crops, weeds, and AMF communities, it may useful to develop further strategies for weed control 
by AMF within an integrated soil fertility-weed management framework (Liebman and Davis 
2000).  
In summary, our analysis of relevant literature supports proposals (Cameron 2010; Jordan 
et al. 2000; Kremer 2014; Rinaudo et al. 2010; Veiga et al. 2011) that AMF can contribute to 
IWM in some situations. Producers make cropping system design decisions, including tillage, 
fertilization, herbicide application, and diversification practices for a wide range of reasons. Our 
analysis suggests that improvement in weed control by AMF in IWM could be an additional 
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consideration in decision-making regarding adoption of such practices. Focused research on 
weed-AMF interactions is needed in a range of agroecosystems to further assess the potential of 
AMF in IWM. 
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Figures and Tables 
 
Figure 1.1. Distribution of mycorrhizal growth response effect sizes for studies compared in this 
meta-analysis (n=410). Positive effect sizes indicate that plants grow better when colonized by 
AMF than non-mycorrhizal controls. Negative effect sizes indicate that plants grow worse when 
colonized by AMF than non-mycorrhizal controls. 
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Figure 1.2. Mean mycorrhizal growth response effect sizes showing the interaction between 
location and plant type. Error bars represent the 95% confidence interval. Explanation of 
symbols: solid circles and solid lines = field experiments; solid triangles and dashed lines = 
greenhouse experiments. 
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Figure 1.3. Mean mycorrhizal growth response effect sizes for studies grouped by plant type and 
host status (crop strong host, crop weak host, weed strong host, and weed weak host). Error bars 
represent the 95% confidence interval. 
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Figure 1.4. Mean mycorrhizal growth response effect sizes showing the interaction between 
inoculum richness and plant type. Error bars represent the 95% confidence interval. Explanation 
of symbols: solid circles and solid lines = mixed AMF inocula; solid triangles and dashed lines = 
single AMF inoculum. 
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Figure 1.5. Mean mycorrhizal growth response effect sizes showing the interaction between soil 
N fertility treatments and plant type. Error bars represent the 95% confidence interval. 
Explanation of symbols: solid circles and solid lines = N-fertilizer application; solid triangles and 
dashed lines = no N-fertilizer application.  
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Figure 1.6. Mean mycorrhizal growth response effect sizes showing the interaction between soil 
P fertility treatments and plant type. Error bars represent the 95% confidence interval. 
Explanation of symbols: solid circles and solid lines = P-fertilizer application; solid triangles and 
dashed lines = no P-fertilizer application.  
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Figure 1.7. Proposed interactions among crops, weeds, and AMF. Black arrow: AMF may 
directly suppress the growth of weak host weeds through impeding their root growth. Grey 
arrows: AMF may indirectly suppress the growth of some strong host weeds through increasing 
the competitive ability of their adjacent strong host crops.  
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Table 1.1. Recommended management decisions based on host status, and crop-weed 
community composition for use of AMF in IWM approach  
 
Dominant crop Dominant weed Management for greater AMF weed 
control 
Strong host Crop Weak host Weed AMF are most weed suppressive under 
these conditions. Practices supporting 
high AMF diversity and low N and P 
fertilizer addition are suggested. 
 Strong host Weed Practices supporting high AMF diversity 
and relatively high N and P fertilizer 
addition are suggested. 
Weak host Crop Weak host Weed Low N and P fertilizer addition is 
suggested. 
 Strong host Weed AMF suppression of weeds is not favored.  
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CHAPTER 2: THE IMPACT OF ABUSCULAR MYCORRHIZAL FUNGI ON WEED 
GROWTH IN AGRICULTURAL SYSTEMS IN SITU 
 
Abstract 
Arbuscular mycorrhizal fungi (AMF) can affect the growth of agricultural weeds and 
crops and have been proposed to potentially contribute to integrated weed management (IWM) 
on the basis of a variety of evidence. Knowledge gaps remain on the AMF-weed interaction in 
the field, since effects of AMF on plants are context-dependent based on soil properties and 
AMF-plant combinations. To address this knowledge gap, we planted five weed species, 
including host and non-host species, in a maize field with contrasting tillage (reduced tillage vs 
uniform tillage) and cover crop (winter rye vs no cover crop) treatments at two locations (IL and 
MN). Weed biomass, AMF colonization, soil temperature, soil moisture, and soil inorganic 
nitrogen (N) were recorded for each weed species and experimental unit. This design allowed us 
to quantify the importance of AMF on weed growth along a wide soil environmental gradient. A 
structural equation modeling approach was used to quantify the direct and indirect impact of 
AMF, soil inorganic N, and soil physical properties on weed growth. Our results showed that 
although the coefficients between AMF colonization rate and weed growth were not significant 
for all weed species, the relationships were negative for the majority of weed species. Compared 
to soil physical properties and soil inorganic N, the relative importance of AMF colonization rate 
in influencing weed growth was weak and varied based on weed identity. In conclusion, our 
results indicate that effects of AMF on weed growth were limited and context-dependent under 
field conditions. More studies are needed to elucidate the specificity of weed-AMF interactions 
within both laboratory and field study systems. 
37 
 
Introduction 
With the growing problem of herbicide-resistant weeds, efficient and environmentally 
friendly non-chemical approaches are needed to develop multi-tactic integrated weed 
management (IWM) programs and to provide effective long-term weed control (Liebman et al. 
2016). Using soil microbes for weed suppression has been considered as one of the non-chemical 
approaches, owing to microbial potential for reducing weed growth and influencing weed 
community dynamics (Boyetchko 1996; Hatcher and Melander 2003). However, successful use 
of soil microbes for weed control in agricultural fields has been rare (Hallett 2005). This is 
because agricultural practices can strongly change soil physical and chemical properties in a way 
that results in reduced population density of the control agent and insufficient level of weed 
control (Crowder and Harwood 2014). Arbuscular mycorrhizal fungi (AMF) are widely 
distributed in agricultural soils and have been reported to be able to influence weed growth 
depending on weed identity and environmental contexts (Jordan et al. 2000; Li et al. 2016). 
Knowledge gaps remain on the AMF-weed interaction in the field, since changes in soil 
properties may influence AMF abundance and diversity and alter the direction and magnitude of 
AMF-weed interactions (Entry et al. 2002; Li et al. 2016). Here, we investigated whether AMF 
can have consistent negative effects on weed growth under field conditions with variable soil 
conditions. Such information will contribute to the understanding of using AMF as a non-
chemical weed control approach capable of making valuable contributions to IWM. 
AMF can negatively influence the growth of some weeds, including many non-host weed 
species and some host weed species (Allen et al. 1989; Francis and Read 1994; 1995; Rinaudo et 
al. 2010). Non-host weeds, which are resistant to the colonization of AMF, tend to have negative 
responses when interacting with AMF (Allen et al. 1989; Francis and Read 1994; 1995). Possible 
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explanations for non-beneficial effects of AMF on non-host plants include 1) direct inhibitory 
effects of AMF on non-mycorrhizal root development (Allen et al. 1989; Francis and Read 1994; 
1995); 2) direct inhibitory effects of allelopathic exudates released from AMF on the growth of 
non-host plants (Francis and Read 1994); and 3) competitive disadvantages of non-host plants 
compared with host plants in response to AMF colonization (Sanders and Koide 1994). AMF can 
also inflict costs on host weeds when external nutrients, particular phosphorus (P), are abundant 
(Johnson et al. 1997), or when the host weed is neighboring with a host crop species (Rinaudo et 
al. 2010; Veiga et al. 2011). In addition, AMF can also shift the competitive relationship between 
crop and weed species and influence weed community dynamics (Daisog et al. 2012; Jordan and 
Huerd 2008). Given that AMF have the ability to suppress weed growth and influence weed 
community dynamics, they are under consideration for non-chemical weed control (Jordan et al. 
2000; Li et al. 2016) 
The suppressive effect of AMF on weeds may be mediated by changes in soil properties, 
including nutrient availability, temperature, and moisture. Such factors influence many aspects of 
AMF-plant interactions. For example, high soil nutrient availability, especially N and P, reduces 
AMF diversity and abundance in soils (Bhadalung et al. 2005; Bradley et al. 2006) and leads to 
less beneficial and negative responses of host plants to AMF colonization (Johnson et al. 1997; 
Koide 1991; Treseder 2004). High nutrient availability alters the balance between costs and 
benefits of AMF forming associations of plants (i.e. carbon transfer to AMF for an abundant soil 
nutrient is no longer cost-effective), and moves the relationship of AMF and host plants along 
the continuum from mutualistic to parasitic (Johnson et al. 1997). The application of N and P 
fertilizer can also change weed responses to AMF, resulting in increased growth of host weeds 
but decreased the growth of weak host weeds (non-host weeds and host weeds with AMF 
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colonization lower than 10%) in response to AMF (Li et al. 2016). Soil temperature can also 
affect the abundance and activity of AMF in plant roots, influencing fungal germination, 
formation, and function (Compant et al. 2010; Tibbett and Cairney 2007), and also controling 
plant photosynthesis and carbon flow to roots within plants (Entry et al. 2002). Soil moisture is 
another important factor influencing AMF-plant interactions. The effect of soil moisture on 
AMF-plant interactions is often related to P availability in soils (Augé 2001; Staddon et al. 2003). 
Low soil moisture decreases the mobility of P, leading to the increased dependence of plant on 
AMF, whereas high soil moisture increases P and causes decreased dependence of plant on AMF 
(Deepika and Kothamasi 2015). Under field conditions, soil nutrient availability, temperature, 
and moisture often change simultaneously. Variation among these environmental factors and 
between partners in AMF-plant associations can result in context-dependent outcomes 
(Hoeksema et al. 2010; Klironomos 2003). Thus, to fully understand the effect of AMF on weed 
growth in an agricultural production environment, it is necessary to quantify the relative 
importance of AMF and multiple soil properties on weed growth under field conditions. 
Much of current understanding of AMF-plant interactions comes from studies in 
controlled environments. Although such studies have made important advances, indicating that 
soil nutrient availability, temperature, and moisture can influence AMF-plant interactions, they 
should be interpreted with care. Limitations of controlled studies include that: 1) although a 
number of studies have explored the impact of environmental factors on AMF-plant interactions, 
treatments are often limited to one or two factors and other environmental conditions are kept 
constant; 2) the soil background is often sand based, and AMF inoculum is from commercial 
AMF strains or trap cultures; and 3) soil nutrients are often maintained at a low level to facilitate 
the colonization of AMF on plant roots. Such conditions differ considerably from those in an 
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agricultural field where soil physical properties and nutrient availability change simultaneously 
and continuously due to intensive soil practices and changing environmental conditions 
(Williams et al. 2016a; 2016b). In addition, plants are exposed to the natural community of AMF, 
and soil nutrient availability is high in agricultural fields. Therefore, a knowledge gap remains 
with respect to the effect of AMF on weed growth within an agricultural field environment. 
To address this knowledge gap, we conducted a field experiment to simultaneously 
quantify the relative importance of AMF, soil inorganic nutrient levels, and soil physical 
properties in influencing weed growth. Given that AMF are able to influence not only the root 
development of non-host plant species but also inflict cost to host plant species under high 
nutrient availability conditions, we hypothesize that AMF colonization would be negatively 
related to the growth of both host and non-host weeds in agricultural systems. We anticipate 
using our results to understand the influence of AMF to weed growth and investigate whether 
AMF may have potential as part of an IWM approach under field environments. 
 
Materials and Methods 
Experimental site and design 
This study was conducted within a long-term cropping systems experiment in 2015 at 
two locations: Savoy, IL (40°02′56″ N, 88°14′12″ W) and Rosemont, MN (44°42′59″ N, 
93°05′46″ W). The site soil in IL is dominated by Drummer silty clay loam with a pH of 6.0. The 
soil organic matter (SOM) was 47.9 g kg-1, the cation exchange capacity (CEC) was 16.6 cmol 
kg-1, and the soil available phosphorus (Bray P) was 25.1 mg kg-1. The soil in MN is dominated 
by Waukegan silty clay loam with a pH of 6.4, a SOM of 42.5 g kg-1, a CEC of 14.5 cmol kg-1, 
and a Bray P of 40.1 mg kg-1.  
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The experiment was established as a split-plot design with four blocks. The two main plot 
factors were tillage and cover crop treatments, and they were crossed and randomized within 
each block. The tillage factor had two levels: ridge tillage and chisel plow. Ridge tillage is a type 
of reduced tillage practice, which creates an undisturbed in-row zone for crops, compared to 
uniform tillage, such as chisel plow (Hatfield et al. 1998). The cover crop treatment had two 
levels: no cover crop and winter rye (Secale cereale L.). The subplot factor included five weed 
species. The weed species included three AMF hosts: velvetleaf (Abutilon theophrasti Medik.),  
prickly sida (Sida spinosa L.), and yellow foxtail (Setaria pumila (Poir.) Roemer & J.A. 
Schultes); and two AMF non-hosts: tall waterhemp (Amaranthus tuberculatus (Moq.) Sauer) and 
common lambsquarters (Chenopodium album L.) (Vatovec et al. 2005). Maize (Zea mays L.) and 
soybean (Glycine max (L.) Merr.) were rotated annually. We made observations only on maize 
plots. 
We collected weed seeds from mature plants within the field in 2013. Weed seeds were 
treated before germination to break seed dormancy. Seeds of waterhemp and common 
lambsquarters were stored in a 0.1% agarose solution at 4 C for six weeks. Seeds of velvetleaf 
and prickly sida were soaked in 70 C water for 30 mins, and seeds of yellow foxtail were soaked 
in 2% potassium nitrate (KNO3) for 24 h before germination. We germinated weed seeds in Petri 
dishes in a growth chamber (16 h: 8 h, light: dark and 35 C: 15 C) on the same day when maize 
was planted in the field. After 36 to 48 h, germinated seeds were transferred into soil blocks, 
which were made of potting mix (Sunshine LC1; SunGro Horticulture, Bellevue, WA, USA). 
Immediately after transplanting, weed seedlings were moved outdoors. After a week, equal-sized 
weed seedlings were transplanted into the test field within the crop row. Maize seedlings were 
replaced by the weed seedlings in the row. Weed seedlings were then harvested after 45 days.  
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Plant sampling and mycorrhizal root length analyses 
In each experimental unit, two to eight plants were harvested for each weed species. 
Weed shoots and roots were separated after harvest. Weed shoots were oven-dried, and dry 
weights were collected after 72 hours. Weed roots were thoroughly washed and stored in 50% 
ethanol solution. A random sampling of roots was conducted for each plant. Roots were stained, 
and mycorrhizal colonization rate was measured following the grid-line intersect method 
(Giovannetti and Mosse 1980; McGonigle et al. 1990). Values from subsamples were averaged 
to get the mean value of each experimental unit. 
 
Soil sampling and analyses 
Soil moisture, temperature, and inorganic N were measured for each experimental unit in 
two locations. Soil moisture and temperature were taken using onsite sensors. Soil moisture was 
measured at 0-10 cm depth in the center of a maize row using volumetric soil moisture sensors 
(Decagon ECH20TM, S-SMC-M005, Onset Computer Corporation, Bourne, MA). Mean soil 
moisture across the growing days was calculated for each experimental unit. Soil temperatures 
were measured at 0-10 depth in the center of a maize row using temperature loggers (Onset 
Pendant Logger; UA-001-64). Mean soil temperature across the growing days was also 
calculated for each experimental unit. In addition, soil inorganic N data were determined by 
analyzing soil samples, which were taken from maize rows before and 30 days after weed 
transplanting. In each experimental unit, 30 soil cores were randomly taken from 0-5 cm depth 
and pooled to form a soil sample. Plant available inorganic N was measured as the sum of 2 M 
KCl extractable ammonium and nitrate (Keeney and Nelson, 1982).  
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Statistical analyses 
  Structural equation models (SEM) were used to quantify the direct and indirect 
contributions of AMF colonization, soil physical properties, and soil inorganic N, to weed 
growth while taking covariance among these variables into account. SEM models were 
constructed based on the conceptual model shown in Figure 2.1. The plot level AMF abundance 
was used in the SEM models of two non-host weed species. Plot level AMF abundance was 
calculated as the average of root colonization rate over all host species in that plot. AMF 
colonization rates were arcsine square-root transformed for further analyses. Samples of each 
location were scaled and then pooled to increase the sample size of the model. A series of 
candidate models with soil inorganic N and AMF colonization as manifest variables, and with 
soil physical properties represented by either latent variables or manifest variables were fitted for 
each weed species using the lavaan package (Rosseel 2012). The SEM analysis was conducted 
in R 3.3.2 (R Core Team 2016). To quantify the effect of AMF colonization on weed growth, we 
kept this path in each model. The final model was retained based on the Akaike (AIC) score, 
Chi-square values, comparative fit index (CFI), and root mean square error of approximation 
(RMSEA) (Kline 2015). We also estimated the direct effect, indirect effect, and total effect of 
AMF, soil inorganic N, and soil physical properties on weed biomass. The direct effect is 
represented by the standard path coefficient of each variable to weed biomass. The indirect effect 
is estimated as the product of standard path coefficients along a path, which is connected by 
intermediate variables. The total effect is calculated as the sum of direct effect and indirect effect 
from particular variable to weed biomass (Kline 2015).     
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Results and Discussion 
We successfully quantified the relationship between AMF colonization rate and weed 
biomass for every weed species under field conditions. Our results provided some support for 
our hypothesis showing that the coefficients between AMF colonization rate and the growth of 
the majority of tested weeds were negative. Despite that, these relationships were not significant. 
The growth of velvetleaf was positively correlated with the AMF colonization rate in its roots 
(Figure 2.2). However, as shown in Figure 2.3 and Figure 2.4, the growth of two host weed 
species, prickly sida and yellow foxtail, correlated negatively with the colonization rate of AMF. 
The growth of two non-host weed species, waterhemp and common lambsquarters, also showed 
negative relationships with the average plot level AMF root colonization (Figure 2.5 and 2.6).  
These results indicate that AMF may potentially negatively affect the growth of some 
weeds including both host and non-host weed species, although the effect size may be small. The 
extent of mycorrhizal colonization of plant root may be a mechanism underlying the variation in 
how different host weed species respond differently to AMF (Feldmann et al. 2009; Li et al. 
2016; Treseder 2013). Previous controlled experiments suggested that host plant species, which 
have mycorrhizal root colonization rating lower than 20-30%, were more likely to have non-
beneficial responses to AMF (Feldmann et al. 2009). Our results are consistent with this 
observation showing that the growth of two host weeds, which had mycorrhizal colonization rate 
lower than 30% in their roots, were negatively correlated with AMF colonization rate (Figure 2.3 
and 2.4). However, it is worth noting that the growth of velvetleaf, which also had AMF 
colonization lower than 30%, was positively correlated with its AMF colonization rate (Figure 
2.2). The different responses among weed species suggest that plant identity has a substantial 
impact on the relationship between AMF colonization and plant growth (Hoeksema et al. 2010; 
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Klironomos 2003). In addition to host weeds, the growth of two non-host weed species was 
negatively related to the plot-level AMF colonization intensity (Figure 2.4 and 2.5). This may be 
because AMF can potentially influence the growth of non-host plants through direct inhibition of 
their root development or through the release of allelopathic exudates (Allen et al. 1989; Francis 
and Read 1994; 1995). Overall, these results suggest that AMF tend to suppress the growth of 
some host and non-host weeds, but the effect is weak and varies among weed species under field 
conditions. Although the negative effect of AMF on weed growth was not significant, it is 
possible that AMF have an impact on the dynamics of weed communities containing these 
species, given the variation observed in the relationship between AMF colonization and weed 
biomass (Jordan and Huerd 2008; Vatovec et al. 2005). Further experiments are needed to 
investigate whether the density of specific weed species will become lower in low-external-input 
and minimized-disturbance farming systems, which are likely to harbor a higher abundance of 
AMF.  
We also quantified the relative importance of AMF colonization rate, soil physical 
properties, and inorganic N on changes in weed biomass in field conditions. Soil inorganic N 
was significantly negatively related to the growth of prickly sida. Soil inorganic N also showed a 
negative relationship with the growth of velvetleaf, yellow foxtail, and common lambsquarters, 
although these relationships were not significant (Table 2.1). Different from soil inorganic N, 
soil temperature and soil moisture did not show significant impacts on weed growth across all 
models (Table 2.1). In addition, the relative importance of AMF colonization, soil physical 
properties, and soil inorganic N to weed growth varies among different weed species (Table 2.1). 
The standard total effects of AMF on weed biomass were relatively weak, as compared to the 
effects of soil inorganic N and soil physical properties for the majority of tested weed species. 
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For example, with velvetleaf, the total effect of 0.131 from AMF to weed biomass meant that 
increasing AMF colonization by one standard deviation increases velvetleaf biomass by 0.131 
standard deviations. This effect was weaker than soil inorganic N (total effect = -0.239) and soil 
moisture (total effect = 0.209) (Table 2.1). However, the effect of AMF on weed biomass is 
relatively stronger than the effects of other soil properties on waterhemp (Table 2.1).  
The negative relationship between soil inorganic N and weed biomass was unexpected, 
since weed growth has been reported to be highly responsive to increasing amounts of N 
(Blackshaw et al. 2003; Sweeney et al. 2008). One potential reason for this negative relationship 
may due to the high spatial variation of inorganic N in soils, especially nitrate, which has high 
mobility in soils. In our study, inorganic N was measured at a depth of 5 cm. However, the high 
inorganic N concentration on the surface of the soil does not indicate a high concentration of N 
in the deeper layers of the soil, which may be more important for plant growth (Eghball et al. 
1994; Shahandeh et al. 2005). If the concentration of inorganic N is low in the deeper layers of 
soil, it may result in the decreased growth of weeds. Another reason for the negative relationship 
between soil inorganic N and weed growth may come from the competition of N between weed 
species and maize. At the early stage of maize growth, roots are the major sink for 
photoassimilates of maize, and consume more than 50% of the plant total N of maize (Rajcan 
and Swanton 2001). Maize seedlings were reported to have greater root to shoot ratio than weeds 
(e.g., velvetleaf), especially under high levels of N supply (Bonifas et al. 2005). The greater root 
to shoot ratio may lead to a greater competitive ability of maize in N uptake than that of weeds 
under high soil N conditions. AMF may also contribute to the competition between crops and 
weeds. Our previous meta-analysis showed that under high soil N conditions, crop hosts showed 
significantly higher mycorrhizal growth response than weeds (Li et al. 2016), indicating that crop 
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hosts receive greater benefits than weeds from AMF when the N level is high. Thus, the 
competitive disadvantage of weeds in the presence of maize may result in the negative 
relationship between weed growth and the amount of soil inorganic N in our study.  
According to our models, soil physical properties and inorganic N had substantial 
impacts on the AMF colonization rate of weeds. Soil temperature showed significantly negative 
effects on AMF colonization rate for four weed species. This may be because that increased root 
growth and changes in root morphology in warm soils limit the colonization process and the 
function of AMF, resulting in lower colonization rates on plant roots (Braunberger et al. 1996). 
Lower mycorrhizal colonization in warm soils, as compared to the rate in cool soils, was also 
observed in previous studies (Braunberger et al. 1996). Moreover, the influence of temperature 
on AMF colonization can vary depending on the fungal-plant combination and the 
developmental stage of the plant (Entry et al. 2002). This may explain the variation in 
relationships between soil temperature and AMF colonization rates among different weed 
species in our study. In addition to soil temperature, soil inorganic N had a significantly negative 
effect on AMF colonization rate in velvetleaf (Figure 2.2). The decreased investment in 
mycorrhizal associations may explain the reduction of AMF colonization in plant roots under the 
high N condition (Lekberg and Koide 2005; Treseder 2004). According to a previous meta-
analysis, the addition of N fertilization decreased the AMF root colonization by 15% (Treseder 
2004). The reduction of AMF colonization in highly fertile soils was also observed globally 
(Soudzilovskaia et al. 2015).  
Although AMF colonization has been widely used as a metric of AMF abundance in 
plant roots in field settings, whether it is a reliable predictor for the impact of AMF on plant 
growth is still subject to debate. According to a meta-analysis, the increase of mycorrhizal 
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colonization promoted the plant mycorrhizal growth response (measured as the change in plant 
biomass of inoculated plants in comparison to that of control plants) (Treseder 2013). However, 
other studies have shown that AMF colonization rate was often not related to how plants interact 
with AMF (McGonigle 1988). A strong relationship between AMF colonization and plant 
growth is more likely to be detected in controlled studies with low soil nutrient availability, 
especially when P and N are deficient (Graham et al. 1991). However, it is difficult to detect 
significant relationships between AMF colonization rate and plant growth in the field, due to the 
complex environmental factors such as soil properties, environmental factors, and biological 
factors (Lekberg and Koide 2005). In addition, the measurement of AMF root colonization has 
been argued to have limitations. Different AMF taxa vary in staining properties, hyphal structure, 
hyphal aggregation, and colonization strategies (Hart and Reader 2002a; 2002b; Vierheilig et al. 
2005). For example, AMF taxa from Glomaceae have higher root colonization than AMF taxa 
from Gigasporaceae and Acaulosporaceae (Hart and Reader 2002b). Thus, the measure of AMF 
colonization rate may not reveal the exact abundance and composition of AMF taxa in plant 
roots. Quantifying AMF community composition in plant roots using high-through sequencing 
methods along with bioinformatic approaches may help to advance the understanding of this area. 
It is worth noting that the variation in weed biomass explained by our SEM models 
ranged from 3.7% to 21.2%, indicating a large portion of unexplained variation in biomass for 
each weed species. The competition between crops and weeds may contribute to the 
interpretation of the unexplained variation in weed growth. Crops and weeds compete for 
nutrients, light, and water. The presence of crop competition can influence microclimatic 
conditions and the soil resource availability, and alter soil physical, chemical, and biological 
properties that affect weeds (Liebman and Davis 2000). The changes in soil and microclimatic 
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properties can further influence not only the weed growth but also the interaction between AMF 
and weeds. For example, different crops can create different canopy environments for weeds. 
Increased amounts of shade decrease not only the growth of weeds (Begna et al. 2001) but also 
influences the interaction between AMF and weeds (Heinemeyer et al. 2004). Thus, add the crop 
component, such as crop biomass, in this framework, may potentially influence the interaction 
between AMF and weeds and increase the explanatory power of the SEM models.   
 
Conclusion 
In conclusion, although AMF colonization rate showed slightly negative effects on the 
growth of some weed species, the relationships were not significant, and the importance of AMF 
on weed growth was relatively weaker than that of soil properties. The low impact of AMF in 
this study may be due, in part, to the fact that AMF colonization rate alone is not enough to 
capture the majority variation in the effect of AMF on weed growth. Investigating AMF 
community composition in plant roots using a high-through sequencing method, along with 
bioinformatic approaches, may be able help quantify the relative abundance of different AMF 
taxa in the root AMF community structure and determine the identity of specific AMF taxa that 
have strong weed-suppressive effects. Such information will be helpful to fully understand the 
role of AMF in influencing weed growth in the field. In addition, the variation in weed biomass 
explained by our models was relatively low, indicating that the inclusion of other factors, such as 
crop competition, in this framework may increase the explanatory power of the model and help 
us to understand the importance of AMF on weed growth. Although the effect of AMF on weed 
growth was weak in our models, the variation in weed responses to AMF suggested another 
potential way in which AMF influence the dynamics of weed communities containing these 
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species. Further field studies are needed to test if the density of specific weed species will 
become lower in the high AMF abundance field. Additional research supporting improved weed 
control by AMF will be necessary to make this a viable part of the IWM toolkit. 
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Figures and Tables 
 
 
Figure 2.1. Conceptual framework to understand the effect of soil moisture, temperature, 
inorganic nitrogen, and arbuscular mycorrhizal fungal colonization on weed growth. 
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Figure 2.2. Structural equation models showing the effect of soil moisture, soil inorganic 
nitrogen (N), and arbuscular mycorrhizal fungal (AMF) colonization on velvetleaf shoot biomass. 
Chi-square = 0.001, df = 1, P-value = 0.980; Comparative fit index (CFI) = 1.000; Standardized 
Root mean square residual (SRMR) =0.001. Solid lines represent significant paths, and dotted 
lines represent that the path was not statistically significant. 
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Figure 2.3. Structural equation models showing the effect of soil temperature, soil inorganic 
nitrogen (N), and arbuscular mycorrhizal fungal (AMF) colonization on prickly sida shoot 
biomass. Chi-square = 0.135, df = 1, P-value = 0.713; Comparative fit index (CFI)=1.000; 
Standardized root mean square residual (SRMR) =0.022. Solid lines represent significant paths, 
and dotted lines represent that the path was not statistically significant. 
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Figure 2.4. Structural equation models showing the effect of soil temperature, soil inorganic 
nitrogen (N), and arbuscular mycorrhizal fungal (AMF) colonization on yellow foxtail shoot 
biomass. Chi-square = 0.092, df = 1, P-value = 0.762; Comparative fit index (CFI) = 1.000; 
Standardized root mean square residual (SRMR) = 0.016. Solid lines represent significant paths, 
and dotted lines represent that the path was not statistically significant. 
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Figure 2.5. Structural equation models showing the effect of soil temperature, soil inorganic 
nitrogen (N), and plot level arbuscular mycorrhizal fungal (AMF) colonization on waterhemp 
shoot biomass. Chi-square = 0.009, df =1, P-value = 0.924; Comparative fit index (CFI)=1.000; 
Standardized root mean square residual (SRMR) =0.005. Solid lines represent significant paths, 
and dotted lines represent that the path was not statistically significant. 
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Figure 2.6. Structural equation models showing the effect of soil temperature, soil inorganic 
nitrogen (N), and plot level arbuscular mycorrhizal fungal (AMF) colonization on common 
lambsquarters shoot biomass. Chi-square = 0.848, df = 1, P-value = 0.357; Comparative fit index 
(CFI)=1.000; Standardized root mean square residual (SRMR) =0.046. Solid lines represent 
significant paths, and dotted lines represent that the path was not statistically significant.  
57 
 
Table 2.1. Decomposition of total effects of arbuscular mycorrhizal fungi (AMF), soil inorganic 
N, and physical properties on weed biomass into their constituent direct and indirect effects. 
Weed species      Source Direct effect  Indirect effect  Total effect 
Abutilon theophrasti  
   AMF 0.131   ------   0.131 
   Soil inorganic N -0.198   -0.042   -0.239 
   Soil moisture 0.209   ------   0.209 
Sida spinosa 
   AMF -0.311   ------   -0.311 
   Soil inorganic N -0.324   ------   -0.324 
   Soil temperature -0.242   0.101   -0.141 
Setaria pumila 
   AMF -0.139   ------   -0.139 
   Soil inorganic N -0.135   -0.027   -0.183 
   Soil temperature  ------    0.047    0.047 
Amaranthus tuberculatus 
   AMF -0.279   ------   -0.279 
   Soil inorganic N  ------   0.047    0.047 
   Soil temperature  -0.153   0.108    -0.045 
Chenopodium album 
   AMF -0.077   ------   -0.077 
   Soil inorganic N -0.315   0.013   -0.302 
   Soil temperature  ------   0.029    0.029 
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CHAPTER 3: MANIPULATION OF ARBUSCULAR MYCORRHIZAL FUNGAL 
COMMUNITY IN WEED ROOTS MUST FACTOR IN PLANT SPECIES, 
AGRICULTURAL PRACTICES, AND FUNGAL IDENTITY 
 
Abstract 
New, non-chemical weed suppression methods are needed to support multi-tactic 
integrated weed management (IWM) programs that reduce reliance on herbicides. Managing the 
community structure of arbuscular mycorrhizal fungi (AMF) to enhance their potential in weed 
control has been suggested on the basis of a variety of evidence. Implementing such an approach 
will require a better understanding of how AMF community composition affects crop and weed 
growth under field conditions. There is also a substantial knowledge gap about what factors 
structure AMF communities in highly disturbed farming environments. We conducted a two-year 
field experiment to quantify the impact of specific AMF species in the AMF community on the 
growth of five weed species and maize, and to quantify the relative contributions of agronomic 
practices and plant identity on AMF community structures in weed and maize roots. Two soil 
management factors, tillage (low disturbance vs. high disturbance) and cover crop (cover crop vs. 
no cover crop), were imposed in a factorial design. AMF community DNA in plant roots was 
extracted and sequenced for each plant species. Multivariate analyses were carried out to identify 
AMF species that have selective effects on the growth maize and weed species as well as 
quantify the relative importance of plant identity, tillage, and cover cropping in influencing AMF 
community structure. Our results demonstrated that several specific AMF taxa were able to 
suppress the growth of particular weeds without suppressing the growth of crops. Moreover, the 
primary driver of AMF community structure in weed and maize roots was plant identity. Tillage 
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and cover cropping made significant contributions to AMF community structure, but their effect 
sizes were small. Our results indicate that tillage and cover cropping have limited potential for 
manipulating AMF communities within agricultural weeds. Approaches to weed management 
based on direct augmentation (e.g., inoculation with particular AMF strains) of the weed-
suppressing AMF taxa may hold more promise. 
 
Introduction 
There is an urgent need to develop and adopt new, non-chemical weed management 
practices to support multi-tactic integrated weed management (IWM) programs in order to 
provide effective long-term weed control, increase the sustainability of weed control, and reduce 
selection for herbicide resistance (Liebman et al. 2016). Managing communities of arbuscular 
mycorrhizal fungi (AMF) to enhance their ecosystem services and reduce artificial inputs, such 
as fertilizers and pesticides, has repeatedly been suggested in agricultural systems (Bender et al. 
2016; Berruti et al. 2016; Plenchette et al. 2005). Weed control is one of the potential benefits 
that AMF may provide because AMF suppress the growth of some weed species, influence weed 
community dynamics, and shift the competitive relations between crops and weeds (Daisog et al. 
2012; Jordan and Huerd 2008; Li et al. 2016; Rinaudo et al. 2010; Veiga et al. 2011).  
One prerequisite for managing AMF communities for weed control is to understand the 
effect of AMF species in the AMF community on crop and weed growth. Previous studies have 
demonstrated that the effect of individual AMF species on host plants varies widely from 
strongly positive to negative (Johnson et al. 1997). These effects are typically unique to the 
particular combination of AMF and host plant species (Klironomos 2003), depending on the 
identity of the plant and the physiological traits of the fungus (van der Heijden et al. 1998a). In 
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addition to host plants, AMF have been reported to interact with non-host plants, which are 
considered to be resistant to colonization by AMF (Brundrett 2009). However, low AM fungal 
colonization has been observed in the roots of non-host plants in many studies, although 
arbuscules, the resource-exchange structures between AMF and roots, were rarely present 
(Lekberg et al. 2015; Veiga et al. 2013). Most of the studies that investigated the interaction 
between AMF and non-host plants showed a negative effect of AMF on non-host plant growth 
(Allen et al. 1989; Francis and Read 1994; 1995). Previous inoculation tests also provide 
evidence that AMF species have species-specific effects on the growth of crops and weeds, 
including host and non-host weed species (Rinaudo et al. 2010; Veiga et al. 2011). For example, 
Glomus intraradices was able to suppress four common weed species but did not affect wheat 
growth (Veiga et al. 2011). AMF were also reported to have different effects on crops and weeds, 
depending on plant host status and environmental context (Li et al. 2016). Given that many crops 
and weeds show species-specific growth response to AMF, there is a possibility that, within 
certain AMF-weed-crop species combinations, AMF species may suppress weeds while having 
beneficial effects on crops. This highlights a path to the control of weeds using AMF by 
increasing the abundance of certain AMF species that are suppressive against weeds but not 
crops (Newman et al. 1998). Managing AMF community structure either by inoculation with 
particular AMF strains or by the manipulation of residential AMF community in agricultural 
systems may help to achieve this goal. 
Understanding the effect of different factors on AMF community structure is another 
prerequisite for managing AMF communities in agricultural systems. Many factors influence 
AMF community structure, especially agricultural practices, and plant identity. Agricultural 
practices, such as tillage and cover cropping, can substantially alter AMF diversity and lead to 
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specific changes in AMF community structure. For example, high tillage intensity can sever pre-
established mycelial networks and reduce family-level AMF diversity (Jansa et al. 2002; Säle et 
al. 2015; Yang et al. 2012). Tillage can select against certain AM fungal strains that are 
particularly sensitive to soil disturbance (Alguacil et al. 2008; Jansa et al. 2003; Mirás-Avalos et 
al. 2011). Cover cropping with diverse and off-season plant species can have a positive impact 
on AMF richness (Ramos-Zapata et al. 2012). In addition, plant species identity can also be of 
great importance in structuring AMF communities (Martínez-García et al. 2015; Vályi et al. 
2015; Varela-Cervero et al. 2015; Yang et al. 2012). Despite the considerable evidence that 
agricultural practices and plant identity influence AMF community structure, the relative 
contribution of these factors to AMF community structure remains an open question. In most 
cases, crop species identity is not a factor that is manipulatable simply to alter the AMF 
community. Therefore, managing AMF communities for weed control, in most cases, must 
involve agricultural practices. 
A limitation of the current body of work on AMF-weed-crop interactions is that the 
studies were conducted in undisturbed soil with a limited number of AMF species. This is 
markedly different from field conditions where crops and weeds are often colonized by several 
AMF species, and the soil is frequently disturbed. Although controlled-environment studies have 
demonstrated that changes in the diversity and composition of the AMF community can 
influence plant growth, including the balance between crops and weeds (Bender et al. 2016; Li et 
al. 2016; van der Heijden et al. 1998b), little is known about whether this is replicable in the field. 
Therefore, a better understanding of the effect of AMF species in the AMF community on crop 
and weed growth and factors that control AMF community structure is necessary before we can 
confirm the efficacy of AMF as weed control agents in real agricultural systems.  
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Herein we report on a field experiment in which we 1) elucidated the direction and 
relative magnitude of species-specific effects of AMF species on the growth of crops and weeds 
and 2) quantified the relative contributions of plant identity and agricultural practices (i.e., tillage 
and cover cropping) to AMF community structure in crop and weed roots. We sequenced the 
root AMF community of maize and five weed species (including three host species and two non-
host species) across contrasting agricultural treatments differing in tillage and cover crop 
practices. We used multivariate analyses to identify AMF species that have selective effects on 
the growth maize and weed species, and quantify the relative importance of plant identity, tillage, 
and cover cropping in influencing AMF community structure. We anticipate using our results to 
guide the development of strategies for suppressing weeds while promoting crops using AMF. 
 
Materials and Methods 
Experimental design and plant root sampling 
This study was conducted within a long-term cropping systems experiment in Savoy, IL 
(40°02′56″ N, 88°14′12″ W), established in 2011. The site soil is dominated by Drummer silty 
clay loam with a pH of 6.0. The soil organic matter (SOM) was 47.9 g kg-1, the cation exchange 
capacity (CEC) was 16.6 cmol kg-1, and the soil available phosphorus (Bray P) was 25.1 mg kg-1. 
Maize (Zea mays L.) and soybean (Glycine max (L.) Merr.) were rotated annually. We made 
observations only on maize plots.  
We designed a field experiment including both contrasting tillage and cover crop 
practices, five different weed species, and maize. The study was a split-plot design with four 
blocks. The two main-plot factors were tillage and cover crop treatments. The tillage factor had 
two levels: ridge tillage and chisel plow. Ridge tillage is a type of reduced tillage practice, which 
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creates an undisturbed in-row zone for crops, compared to uniform tillage, such as chisel plow 
(Hatfield et al. 1998). The cover crop factor had two levels: no cover crop and winter rye (Secale 
cereale L.). The two main factors were crossed and randomized within each block. The subplot 
factor included six plant species: maize and five weed species. These weed species included: 
velvetleaf (Abutilon theophrasti Medik.), prickly sida (Sida spinosa L.), yellow foxtail (Setaria 
pumila (Poir.) Roemer & J.A. Schultes), tall waterhemp (Amaranthus tuberculatus (Moq.) Sauer), 
and common lambsquarters (Chenopodium album L.). We observed low fungal colonization 
(<5%) but no arbuscules in roots of two weed species: waterhemp and common lambsquarters. 
Also, these two species were considered as non-host species, according to previous studies 
(Vatovec et al. 2005; Wang and Qiu 2006). Thus, we categorized these two species as non-host 
species and the other four species as host species in our study.  
We collected weed seeds from mature plants within the field in 2013. Weed seeds were 
treated before germination to break seed dormancy: Seeds of waterhemp and common 
lambsquarters were stored in the 0.1% agarose solution at 4 °C for 6 weeks; seeds of velvetleaf 
and prickly sida were soaked in 70 °C water for 30 mins; and seeds of yellow foxtail were 
soaked in 2% potassium nitrate (KNO3) for 24 h before germination. We germinated weed seeds 
in petri dishes in a growth chamber (16 h: 8 h, light: dark and 35 °C: 15 °C) on the same day 
when maize was planted in the field. After 36 to 48 h, germinated seeds were transferred into soil 
blocks. Soil blocks were made of a mixture of potting mix (Sunshine LC1; SunGro Horticulture, 
Bellevue, WA, USA) and field soils, which were collected from the same treatment in the site 
that weeds were planted. Immediately after transplanting, weed seedlings were moved outdoors. 
After a week, weed seedlings at the same growth stage within each species (two cotyledons for 
velvetleaf, prickly sida, waterhemp, and common lambsquarters; first true leaf for yellow foxtail) 
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were transplanted into the test field within the crop row (8 cm away from maize seedlings). 
Weed and maize seedlings were harvested from the field after two weeks in 2014 and three 
weeks in 2015. This experiment was performed in 2014 and 2015. In 2014, plants were harvested 
from three blocks, resulting in 72 experimental units. In 2015, plants were harvested from four 
blocks, resulting in 96 experimental units. At least three individual plants were harvested and 
pooled from every experimental unit for each plant species. Plant shoots were oven-dried and 
weighed after 72 h. Plant roots were thoroughly washed and stored at -20 °C prior to DNA 
extraction.  
 
Sample preparation, DNA extraction, and sequencing 
We extracted fungal DNA and sequenced the whole AMF community in weed and crop 
roots. Frozen root samples were finely ground in liquid nitrogen and stored at -80 °C before 
DNA extraction. We extracted fungal DNA from 30 mg to 100 mg of ground root samples using 
the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). AM fungal sequences were amplified 
using the NS31 and AML2 primer set (Lee et al. 2008; Simon et al. 1992). This primer set 
amplifies a fragment of c.560 bp of small subunit rRNA gene and is widely used in AMF surveys 
(Öpik et al. 2013b). Our library was created using the microfluidic Access Array (Fluidigm 
Corporation, San Francisco, CA, USA), quantitated by quantitative PCR, and sequenced on an 
Illumina MiSeq platform using the MiSeq Reagent Kit version 3 (Illumina, San Diego, CA, 
USA). Fluidigm library construction and Illumina sequencing were performed at the Roy J. 
Carver Biotechnology Center (University of Illinois at Urbana-Champaign, IL, USA).  
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Bioinformatics 
Primer sequences were removed from sequencing data using Trimmomatic (Bolger et al. 
2014). Primer-removed reads were processed using the Quantitative Insights Into Microbial 
Ecology (QIIME) pipeline (Caporaso et al. 2010). We used high quality forward reads rather 
than paired reads for AMF community analyses due to the low quality of reverse reads. Forward 
reads with a length greater than 200 bp (after primer trimming) were used for the downstream 
analysis, and the dominant length was 260-280 bp. The use of single high-quality reads was 
reported to produce a more accurate estimate of the community, compared to a paired-end 
approach (Nguyen et al. 2015). Forward reads were trimmed, filtered, and de-multiplexed at a 
maximum of consecutive low-quality calls equal to 5 and a Phred score greater than 28 
(Bokulich et al. 2013). An open-reference picking approach was used for operational taxonomic 
units (OTU) picking, taxonomy assignment, and OTU table construction. Singletons and low 
abundance OTUs (<0.005%) were filtered out from the OTU table (Bokulich et al. 2013). 
Taxonomy assignment was performed with a BLAST method (Altschul et al. 1990), based on 
data from the MaarjAM database (sequence similarity threshold >= 97%) (version of October 25, 
2015), which contains Glomeromycota SSU rRNA gene sequences (Öpik et al. 2013a; Öpik et al. 
2010).  
 
Statistical analyses 
We used partial least square regression (PLSR) to identify important AMF taxa that were 
highly related to crop and weed biomass. PLSR maximizes the covariation between predictors 
and response variables and is useful in the identification of the influence of relevant predictors 
on response variables (Carrascal et al. 2009). PLSR is particularly well-suited when the number 
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of predictors is larger than observations, and when there are multicollinearity problems among 
predictors (Carrascal et al. 2009). In this study, the Hellinger-transformed read data and plant 
shoot biomass were modeled as predictors and response variables respectively. The variable 
importance in projection (VIP) score was used to select important predictors. VIP is a variable 
selection method based on the weighted sum of squares of the PLSR loading weights, which 
takes into account the explained variance of each PLSR model dimension. Since the average of 
squared VIP scores is equal to one, AMF OTUs with VIP scores larger than one were considered 
to be important in explaining plant biomass (Chong and Jun 2005). Positive and negative 
loadings of important AMF OTUs derived from the first PLSR component indicated the 
beneficial or negative effects of given AMF sequences on a plant (i.e., plant biomass). PLSR was 
conducted using the function plsr in the package ‘pls’ (Mevik and Wehrens 2007) in R-3.3.2 (R 
Core Team, 2016). 
We quantified the relative contributions of plant identity, tillage, and cover cropping in 
determining AMF community structure using a nested permutation multivariate analysis of 
variance approach (npMANOVA) based on Bray-Curtis distances (Anderson 2001; Yannarell et 
al. 2014) to partition the variance in AMF community data. The AMF sequence data were 
Hellinger-transformed (Legendre and Gallagher 2001). We used adonis from the ‘vegan’ 
package to get the sum of squares, and utilized the ‘shuffle’ package to control for restricted 
permutations. Permutations were restricted within each block, and plant species were nested 
within host status. Nonmetric multidimensional scaling (NMDS) was further used to visualize 
changes in the AMF community composition.  
Indicator analysis was carried out to identify indicator AMF OTUs under different 
treatment effects. AMF OTUs with a P-value smaller than 0.05 were considered as indicator 
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species. Indicator species analysis was conducted using the ‘indicspecies’ package. All statistical 
analyses were conducted in R-3.3.2 (R Core Team, 2016). 
 
Results 
Sequencing results 
A total of 2,109,968 (2014 field season) and 1,406,701 SSU rRNA reads (2015 field 
season) remained after quality trimming, OTU picking, and low abundance OTU filtering 
processes. Rarefaction curves approached a plateau, indicating that our sequencing effort was 
sufficient to capture the majority of AMF diversity in crop and weed roots. A total number of 
386 fungal OTUs in 2014 and 309 OTUs in 2015 were identified. According to the MaarjAM 
database, our AMF sequences were from 63 AMF virtual taxa (virtual taxa: phylogenetically 
defined sequence groups by reclassifying published sequence data (Öpik et al. 2013a)) in 2014 
and 54 AMF virtual taxa in 2015. The number of AMF virtual taxa identified in our study was 
consistent with other studies, which found a similar amount of AMF virtual taxa in agricultural 
field with the same primer set (Ciccolini et al. 2015; Moora et al. 2014). AMF virtual taxa in our 
study were from orders that included Archaeosporales, Diversisporales, Glomerales, and 
Paraglomerales, indicating a broad range of Glomeromycota. 
 
The link between AMF community composition and crop and weed growth 
Our PLSR models captured much of the variation in plant growth within the field study. 
The first components derived from PLSR models explained 30% to 80% of the variability in 
biomass of the majority of plant species in 2014 and 2015 (Table B.4). The variation in plant 
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growth was driven by a relatively small portion of AMF community variability, ranging from 10% 
to 50% of the total variance of AMF community (Table B.4). 
According to VIP scores from each PLSR model, a small subset of AMF taxa that had 
VIP scores greater than one were identified for each plant species. AMF taxa with a VIP score 
greater than one indicate that these AMF taxa have a higher importance in predicting plant 
biomass than other AMF taxa. The effect of these important AMF taxa on the growth of maize 
and the five study weeds varied depending on plant identity and AMF taxonomy (Figure 3.1 and 
3.2). The majority of these AMF taxa were from three AMF genera: Gigaspora, Glomus, and 
Paraglomus. AMF in the Gigaspora genus showed generally negative impacts on the growth of 
both maize and weed species in both years (Figure 3.1 and 3.2). However, the effect of AMF in 
the Glomus and Paraglomous genera on plant growth was not consistent, ranging from negative 
to positive (Figure 3.1 and 3.2). 
Nine AMF virtual taxa from three AMF genera were shown to have suppressive effects 
on specific weeds but neutral to beneficial effects on maize, according to PLSR loadings (Table 
3.1; Figure 3.3). For example, in 2014, Archaeospora virtual taxon 4 had a negative effect on 
both yellow foxtail and waterhemp, but was not important for the growth of corn and the other 
weed species. In 2015, Glomus virtual taxon 63 had a negative effect on prickly sida, but a 
positive effect on maize (Figure 3.3). Some weed species were suppressed by multiple AMF taxa, 
but other weed species were negatively associated with only specific AMF taxa. As shown in 
Figure 3.3, four taxa from three AMF genera had negative effects on yellow foxtail, four AMF 
taxa in Glomus had negative effects on velvetleaf, and two AMF taxa in Archaeospora had 
negative effects on waterhemp. Paraglomus virtual taxon 352 had specific negative effects on 
common lambsquarters, and Glomus virtual taxon 63 had specific negative effects on prickly 
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sida (Table 3.1; Figure 3.3). Among these nine AMF taxa, five were from Glomus two were from 
Archaeospora, and the other two were from Paraglomus. Although the majority of weed-
suppressive AMF taxa were associated with particular study years, Glomus virtual taxon 93 was 
identified in both years.  
 
Effect of tillage, cover cropping, and plant identity on AMF community structure 
Both tillage and cover cropping were significant in shaping AMF community structure in 
crop and weed roots. Community analyses with npMANOVA showed that 2.5% (F1, 9=1.87, 
P=0.002) and 2.4% (F1, 9=1.77, P=0.009) of the variance in AMF community composition was 
attributed to tillage and cover crop treatment in 2014 (Figure 3.4A). Similarly, tillage and cover 
cropping explained 2.4% (F1, 13=2.23, P=0.006) and 1.4% (F1, 13=1.25, P=0.123) of the variance 
in AMF community composition in 2015 (Figure 3.4B).  
Compared to tillage and cover cropping, plant identity was a much stronger filter in 
influencing AMF community structure in this study. In 2014, 49% of the variance in AMF 
community was attributed to plant identity. The variation explained by plant identity can be 
further sagragated into host status (R2=0.25, F1, 55=41.88, P<0.001) and plant species (R
2=0.24, 
F4, 55=10.09, P<0.001) (Figure 3.4A). In 2015, plant identity contributed 51% of the variance in 
AMF community with 19% (F1, 72=44.10, P<0.001) and 32% (F4, 72=19.12, P<0.001) of the 
variance being explained by host status and plant species, respectively (Figure 3.4B). The 
importance of plant identity can also be visualized from NMDS plots (Figure 3.5). Points of 
AMF community in host plant roots were clustered into one group, which is distinct from two 
non-host species: A. tuberculatus and C. album, indicating that host plant species and non-host 
species interacted with distinct AMF communities (Figure 3.5). Both plots clearly showed that 
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AMF communities were also clustered according to plant species (Figure 3.5), suggesting a 
strong plant preference effect on AMF community structure.  
Since the species richness of AMF communities that interacted with non-host plants was 
considerably lower than that of host plant species, one may argue that this difference in AMF 
species richness is driving the variance observed in our AMF community structure. Thus, we 
conducted npMANOVA on the AMF community of host plant roots only. In line with our 
previous results, plant species still explained 26.6% (F3, 42=6.06, P<0.001) and 37% (F3, 55=12.49, 
P<0.001) of the variation in AMF community composition in host plant roots in 2014 and 2015 
(Figure B.1). These results suggested that plant species constitute a strong filter on AMF 
community composition, exerting a species-specific selection of the AMF community that forms 
in their roots.  
 
Discussion 
The findings of this study are highly relevant to our first objective: several AMF taxa 
were highly relevant to crop and weed biomass and were able to selectively suppress specific 
weeds but not crops. In addition, our results achieved our second objective by demonstrating that, 
although the contribution of tillage and cover cropping on AMF community structure was 
significant, their effect was much weaker compared to that of plant identity.  
 
The effect of AMF taxa in AMF communities on crop and weed growth 
Several AMF taxa have the potential to suppress specific weeds without affecting maize. 
Previous studies found that the impact of individual AMF species on crops and weeds varied 
based on plant identity and ranged along a continuum from positive to negative (Klironomos 
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2003; Rinaudo et al. 2010; Veiga et al. 2011). However, these results were based on one-to-one 
combinations between plant and AMF species, obtained either as commercial strains or from trap 
cultures. Whether these findings are applicable to field conditions where plants are colonized by 
native AMF communities remains unclear. Based on methods for modeling the covariance 
between plant biomass of six plant species and the species composition of their root AMF 
communities, our study enabled us to statistically separate the effects of different AMF species 
in the AMF community on plant growth in the field. Our results support the findings from 
controlled experiments (Klironomos 2003; Moora et al. 2014; Rinaudo et al. 2010; Veiga et al. 
2011), indicating that crop and weed species vary in their responses to different AMF species. 
We further determined that nine AMF taxa in Archaeospora, Glomus, and Paraglomus have 
negative effects on certain weed species but not on maize under field conditions (Table 3.1; 
Figure 3.3). Further studies are needed to investigate whether the density of specific weed 
species will become lower in fields with a high abundance of these weed-suppressive AMF taxa. 
Also, given the interannual variation seen in most of these effects, further experiments are 
needed to investigate whether these relationships are robust at a long time scale to exclude the 
possibility of the bet-hedging phenomenon. That is, plants may sacrifice mean fitness in order to 
decrease variation in fitness in unpredictable environments by supporting multiple AMF partners, 
although some AMF partners may be significantly less beneficial than others (Lekberg and 
Koide 2014).   
The impact of AMF taxa on crop and weed growth can be influenced by family-level 
fungal traits. The ability of different AMF species to occupy different niches in plant roots can 
mediate their influence on plants (Lekberg et al. 2007). AMF species in the Gigasporaceae 
family produce more biomass outside roots than inside roots, and thereby can strongly promote P 
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uptake of plants (Maherali and Klironomos 2007; Sikes et al. 2010). However, under high P 
availability, the beneficial effects of these AMF species on nutrient uptake may be outweighed 
by their carbon cost to plants, at least during certain periods of growth. This may be why AMF in 
the Gigaspora genus produced negative effects on most of the plant species tested in our system. 
In contrast, AMF in the Glomeraceae family tend to locate more biomass inside roots than 
outside roots. This trait enables some Glomus species to contribute to decreased pathogen 
colonization of plant roots (Maherali and Klironomos 2007; Sikes et al. 2010). This may explain 
the positive effect of some Glomus species on plant growth in our study. Paraglomus species 
have been reported to be widely distributed in agricultural systems (Gosling et al. 2014; Peyret-
Guzzon et al. 2016). Their spores are indistinguishable from those of the Glomus species, and 
they produce extraradical hyphae in profuse abundance around roots with attached spores 
(Morton and Redecker 2001). Based on these traits, the impact of the Paraglomus species on 
plant growth may be more like the Glomus species. Further studies are needed to fully 
understand their effects on crop and weed growth.  
Another aspect of plant-AMF relations that may be useful to developing new strategies 
for IWM is known as the ‘co-infection interaction hypothesis’ (Benítez et al. 2013). This 
hypothesis speculates that a given plant species may harbor unique AMF communities that are 
beneficial to it and its conspecifics but not to heterospecific plant species. Quantitative 
approaches, such as network analysis and Bayesian analysis (Caruso et al. 2012; Hersh et al. 
2012), along with greenhouse and field experiments may help to advance knowledge in this area. 
If future work supports this hypothesis, there may be the potential to identify a specific AMF 
group that has beneficial effects on specific crop species but negative effects on weeds. The 
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manipulation of AMF communities, such as the inoculation with such a community of AMF 
strains, may potentially increase crop growth and suppress weeds in the field.  
 
The relative contribution of tillage, cover cropping, and plant identity on AMF community 
structure  
Tillage and cover crop treatments made significant contributions to AMF community 
structure in crop and weed roots, but the effect sizes were small. Tillage and cover crop effects 
on AMF communities may have resulted from the way in which these treatments affected soil 
hydrothermal properties and nutrient status in our study system (Williams et al. 2016). Soil AMF 
community was reported to be more sensitive to environmental factors, compared to plant 
associated AMF communities (Alguacil et al. 2016; Bainard et al. 2014). Thus, changes in soil 
hydrothermal properties and nutrient status can affect the regional AMF community pool 
(Camenzind et al. 2014; Deepika and Kothamasi 2015; Dumbrell et al. 2011), which may 
thereby lead to changes in root AMF community structure. The low contribution of tillage and 
cover cropping to root AMF communities suggests that AMF community in plant roots may be 
relatively unaffected by variation in soil disturbance at the level imposed by our tillage 
treatments (Higo et al. 2014; Lekberg et al. 2012; Verbruggen and Toby Kiers 2010). Soil 
management may have to achieve a certain threshold of intensity to override the dominance of 
plant identity in determining root AMF community structure. For example, in a previous study, 
plant identity was the most important factor in determining AM fungal community composition 
at low and moderate soil P conditions. However, soil P became more important than plant 
identity when soil P concentration reached an extremely high level, which is beyond the 
recommended limits for agricultural systems (Gosling et al. 2013). 
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Despite making a relatively low contribution to AMF community structure overall, the 
tillage and cover crop treatments did influence the abundance of specific AMF groups of the root 
AMF community. We found that several AMF species in the Glomeraceae were enriched in the 
chisel plow treatment (i.e., high tillage intensity). Some AMF species in the Glomeraceae family 
can recover from soil disturbance because they can reconnect hyphae after intensive soil 
disruption (Verbruggen and Toby Kiers 2010). Therefore, these species may be able to remain at 
high abundance under intensive tillage conditions. Our results suggest a possibility that tillage 
and cover crop strategies can be targeted to specifically change AMF community structure to 
increase the abundance of certain AMF species. For example, we found that winter fallow 
treatment can enrich the abundance of Glomus virtual taxon 93, which has a weed-suppressing 
effect on S. pumila. However, it is worth noting that the winter fallow treatment also increased 
the abundance of the Gigaspora species, which have negative effects on the growth of maize. 
Therefore, the net effect of AMF community, which is shaped by winter fallow treatment, on 
weed and crop growth is unknown. Given the low contribution of tillage and cover cropping in 
shaping AMF community structure and the variation in influencing weed and maize growth in 
our system, the possibility of managing AMF communities in weeds through tillage and cover 
crop practices appears limited. We need to fully assess the effect of a targeted soil practice on 
AMF community composition, before concluding that the management methods can be used to 
increase the abundance of specific AMF species for enhancing certain ecosystem services, such 
as weed control.  
Compared to tillage and cover cropping, plant identity was a much stronger factor 
affecting AMF community structure in crop and weed roots. This result supported the hypothesis 
that AMF communities in plant roots are not a random subset of the soil AMF community 
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(Davison et al. 2011), but rather that there exists plant species-specific control of AMF 
communities. In addition, host and non-host plants interacted with considerably different AMF 
communities. Non-host plants interacted with lower AMF richness than host plants because non-
host plants can prevent the colonization of AMF via a variety of barriers, including altered cell 
wall structure, antifungal compounds, and a lack of fungal germination and branching signals 
(Brundrett 2002; Koide and Schreiner 1992). These physical and chemical barriers can act as 
strong filters for AMF communities, resulting in remarkably different AMF community 
structures between host and non-host roots. Our results are consistent with a previous study that 
identified distinct AMF communities in roots of host and non-host species (Lekberg et al. 2015). 
In agricultural systems, a number of economically detrimental and herbicide-resistant weeds are 
non-host plants, such as the Amaranthus species (Amaranthus tuberculatus, A. retroflexus and A. 
palmeri), Chenopodium album, and those from Brassicaceae family (e.g., Raphanus 
raphanistrum) (Brundrett 2009; Heap 2014; Wang and Qiu 2006). However, most major crops 
are host species, such as maize and soybean. Our results indicate that host crops and non-host 
weed species may interact with completely different AMF communities in the field. Thus, 
enhancing the interactions between host crops and their beneficial AMF through breeding 
practices may result in increased host crop growth (Cobb et al. 2016; Ryan and Graham 2002), 
but have no beneficial effect on these problematic weed species.  
 
Conclusion 
 A key finding of this study was that several AMF taxa may contribute to weed control by 
having negative effects on specific weed species without affecting crops. The identity of crops 
and weeds are able to influence the structure of AMF communities. However, the possibility of 
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using tillage and cover cropping to manage AMF communities or to increase the natural 
population of weed-suppressing AMF taxa appears to be limited. Approaches to weed 
management based on direct augmentation of particular AMF species, depending on their effects 
on crops and weeds, may hold more promise. For example, since several AMF taxa have 
selective effects on crops and weeds, the re-introduction of certain AMF species to target 
systems may increase the density of such AMF species in the community, and contribute to the 
control of given weed species. The re-introduction method was proposed as a tool to enhance 
crop productivity in agricultural fields, especially in low-put systems and systems that subjected 
to abiotic or biotic stress (Berruti et al. 2016; Verbruggen et al. 2013). The inoculation of 
Rhizophagus species has been reported to greatly improve crop yield under field conditions 
(Ceballos et al. 2013; Cely et al. 2016). Here we suggest that the inoculation of specific weed-
suppressing AMF taxa may contribute to weed control, and furthermore, have additional 
contributions to crop productivity in agricultural systems. Further AMF inoculation tests under 
field conditions are needed to thoroughly test the effect of these AMF taxa on crop and weed 
growth. In addition, AMF inoculation is unlikely to comprise a stand-alone weed management 
method. To work best, it should be incorporated with other biological, physical, and chemical 
control methods in an IWM system to achieve an acceptable level of weed control.  
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Figures and Tables 
Figure 3.1. Important arbuscular mycorrhizal fungal taxa involved in predicting crop and weed biomass that are derived from partial 
least square regression models in 2014. The variable importance in projection (VIP) scores for each variable are shown as the point 
size, with higher VIP scores meaning increasing importance in the predictive model. The y-axis are AMF OTUs loadings from the 
corresponding PLSR model. Loading >0 means that the plant biomass is positively predicted by the relative abundance of an AMF 
OTU and loading <0 means negative predictions. Dashed lines separate AMF genera: Am: Ambispora; Ar: Archaeospora; Ac:  
Acaulospora; Gi: Gigaspora; Cl: Claroideoglomus; Gl: Glomus; Pa:  Paraglomus. 
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Figure 3.2. Important arbuscular mycorrhizal fungal taxa involved in predicting crop and weed biomass that are derived from partial 
least square regression models in 2015. The variable importance in projection (VIP) scores for each variable are shown as the point 
size, with higher VIP scores meaning increasing importance in the predictive model. The y-axis are AMF OTUs loadings from the 
corresponding PLSR model. Loading >0 means that the plant biomass is positively predicted by the relative abundance of an AMF 
OTU and loading <0 means negative predictions. Dashed lines separate AMF genera: Am: Ambispora; Ar: Archaeospora; Ac:  
Acaulospora; Gi: Gigaspora; Cl: Claroideoglomus; Gl: Glomus; Pa:  Paraglomus
86 
 
Figure 3.3. Arbuscular mycorrhizal fungal virtual taxa (VT) that have negative effects on 
associated weeds but neutral to positive effects on maize. The y-axis are loadings from the 
corresponding PLSR model. Loading > 0 means that the plant biomass is positively predicted by 
the relative abundance of an AMF taxon and loading < 0 means negative predictions. Different 
colors represent different plant species. 
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Figure 3.4. Partitioning arbuscular mycorrhizal fungal community variance among host status, 
plant identity, tillage, and cover cropping. A: 2014 field season. B: 2015 field season. 
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Figure 3.5. Nonmetric multidimensional scaling of arbuscular mycorrhizal fungal community 
based on plant identity. Dashed lines display the 95% confidence interval around centroids for 
host and non-host plant species. A: 2014 field season. B: 2015 field season.
A 
B 
Non-host 
Host 
Non-host 
Host 
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Table 3.1. Arbuscular mycorrhizal fungal virtual taxa (VT) identified from partial least square 
regression models that have suppressive effects on associated weed species. 
 
 
  
Year AMF genus VT  Weed species 
2014 Archaeospora VT 4  Waterhemp 
       Yellow foxtail 
  VT 5  Waterhemp 
     Yellow foxtail 
 Glomus VT 92  Velvetleaf 
  VT 93  Velvetleaf 
  VT 96  Velvetleaf 
 Paraglomus VT 352  Common lambsquarters 
2015 Glomus VT 63  Prickly sida 
    VT 93  Yellow foxtail 
    VT 177  Velvetleaf 
 Paraglomus VT 348  Yellow foxtail 
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CHAPTER 4: SUMMARY 
 
Conclusions and Implications 
The increased prevalence of herbicide resistant weeds indicates that the effectiveness of 
chemical herbicides is decreasing (Heap 2014). There is an urgent need for the development and 
adoption of non-chemical weed management practices to support multi-tactic integrated weed 
management (IWM) programs. In this study, I investigated whether arbuscular mycorrhizal fungi 
(AMF) can influence the growth of crops and weeds and thereby contribute to IWM. I used 
quantitative and experimental approaches to search for evidence of suppressive effects of AMF 
on agricultural weeds from previous publications and field experiments that vary in agricultural 
management practices. I hypothesized that AMF have the potential to contribute to weed control 
through direct and indirect pathways: directly suppress weak host weeds by influencing their root 
development, and indirectly suppress some host weeds mediated by competitive effects exerted 
by strong neighboring host crops. 
My results supported these hypotheses, demonstrating that AMF can directly suppress 
weak host weeds, especially under high AMF diversity conditions. AMF may also enhance the 
competitive ability of strong host crops against strong host weeds by offering higher beneficial 
effects to strong host crops than strong host weeds when AMF diversity is high. In addition, the 
field experiments have shown that the relationships between AMF colonization rate and the 
biomass of the majority of tested weeds were negative, despite that the coefficients were not 
significant. These results highlight the need for soil-building management practices that promote 
AMF diversity and abundance to increase weed control benefits of AMF. Major production 
practices that establish a relatively vigorous AMF mycelium in soils at the time of weed 
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establishment, such as reduced intensity of tillage, application of crop rotation, and reduced 
application of synthetic fertilizers and herbicides (Druille et al. 2013; Jansa et al. 2006), may be 
helpful to achieve a strong control over agricultural weeds. However, since creating nutrient-
poor soils is not a recommended practice for production or conventional agricultural systems, 
this strategy may be most beneficial to both weed suppression and crop yield in organic systems, 
where nutrient levels are typically lower than in conventional systems (Seufert et al. 2012), and 
under soil management practices that concentrate nutrients in the crop row, such as ridge tillage, 
narrow in-soil bands and point-injected fertilizer application (Blackshaw et al. 2004; Kane et al. 
2015). Therefore, given the effects of AMF on the growth of weeds, it may be more useful to 
develop further strategies for weed control by AMF within a low-external-input weed 
management framework (Liebman and Davis 2000). 
My results have also shown that the abundance of a small group of AMF species was 
important in predicting weed growth, and several AMF species can have negative effects on 
specific weed species but neutral or beneficial effects on crops. These results indicate that it may 
be feasible for producers to use different practices to manage AMF community structure and 
AMF-weed-crop interactions, and thereby enhance IWM. Producers may apply agricultural 
practices that are known to have specific impacts on AMF community composition to enhance 
the control effect AMF over weeds, such as different levels of tillage intensity, vegetation 
management, and soil fertility inputs. For example, some AMF species in the Glomeraceae 
family can recover from soil disturbance because they reconnect hyphae after intensive soil 
disruption (Verbruggen and Toby Kiers 2010). Therefore, if these AMF species have suppressive 
effects on given weeds, increasing the soil disturbance intensity to a higher level may lead to the 
domination of such species in the AMF community and thereby contribute the control of given 
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weed species. In addition, approaches to weed management based on direct augmentation of 
AMF species depending on their effects on crops and weeds may also hold promise. For example, 
the culture and re-introduction of certain AMF species which have selective effects on crops and 
weeds into target agroecosystems may increase the density of such AMF species in the AMF 
community, and contribute to the control of given weed species. The mass production of some 
AMF species has been successfully developed, such as Rhizophagus species, and the inoculation 
of such AMF species has been reported to greatly improve crop yield under field conditions 
(Ceballos et al. 2013; Cely et al. 2016). I suggest that soil inoculation with specific weed-
suppressing AMF species may contribute to weed control, referred to as the inundative 
biocontrol (Eilenberg et al. 2001), which has been proposed to have greater opportunity for 
application in agricultural systems (Müller et al. 2000).   
My three studies provided evidence for the effect of AMF in influencing the growth of 
agricultural weeds. Future experiments are still needed to investigate whether these relationships 
are robust at large spatial and time scales, given the variation seen among years, locations, and 
plant-AMF combinations in most of these studies. The variation of weed responses to AMF 
suggested a potential situation that AMF may influence the dynamics of weed communities 
containing these weed species. Further field studies are needed to test if the density of specific 
weed species will become lower in the field with the high abundance of weed-suppressive AMF 
species. In addition, since weed species evolve rapidly due to various selection pressures (Barrett 
1982), the genetic variation within plant populations may influence responses of different weed 
genotypes to AMF (Linderman and Davis 2004). Future studies are needed to test the 
consistency and specificity of the effect of given AMF species on weed species under controlled 
and field conditions. Finally, AMF is unlikely to comprise a stand-alone weed management 
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method. To work best, it should be incorporated with other practices to achieve an acceptable 
level of weed control in agricultural systems. Future research supporting improved weed control 
by AMF, and the incorporation of other biological, physical, and chemical control methods will 
be necessary to make AMF a viable part of the IWM toolkit. 
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APPENDIX B: SUPPLEMENTAL FIGURES AND TABLES 
 
Figure B.1. Partitioning variance of arbuscular mycorrhizal fungal communities in host plant 
roots among plant identity and soil management practices in 2014 and 2015. 
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Table B.1. Summary of statistics from random-effect and mixed-effect models of plant 
mycorrhizal growth response (MGR). Qm is the omnibus test for coefficients, and Qe is the test 
for residual heterogeneity. N is the number of studies used for the analysis. 
 
Moderator Level N Qm df P Qe df P 
None  410    22272 409 <0.001 
Plant Type All coefficients 399 537.1 4 <0.001 22118 395 <0.001 
Location* 
Plant Type 
All coefficients 399 504.1 8 <0.001 22094 391 <0.001 
Interaction Effect  2.0 3 0.567    
Inoculum 
Richness* 
Plant Type 
All coefficients 399 576.4 8 <0.001 21973 391 <0.001 
Interaction Effect  42.3 3 <0.001    
N fertilizer* 
Plant Type 
All coefficients 398 543.0 8 <0.001 15755 390 <0.001 
Interaction Effect  37.2 3 <0.001    
P fertilizer* 
Plant Type 
All coefficients 398 571.6 8 <0.001 17357 390 <0.001 
Interaction Effect   54.5 3 <0.001       
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Table B.2. Summary of effect sizes from random-effect and mixed-effect models of plant 
mycorrhizal growth response (MGR). When P-value is less than 0.05, mean effect size of that 
group is considered as significantly different from zero. 
 
Moderator Level N Effect size 95% CI P 
None  410 0.23 0.21 0.26 <0.001 
Plant Type Strong-host Crop 220 0.28 0.26 0.31 <0.001 
Weak-host Crop 13 0.00 -0.11 0.11 0.969 
Strong-host Weed 125 0.24 0.19 0.28 <0.001 
Weak-host Weed 41 -0.19 -0.29 -0.10 <0.001 
Location* 
Plant Type 
Field: Strong-host Crop 85 0.21 0.16 0.26 <0.001 
Field: Weak-host Crop 2 0.00 -0.30 0.30 0.988 
Field: Strong-host Weed 16 0.26 0.03 0.49 0.025 
Field: Weak-host Weed 15 -0.39 -0.74 -0.04 0.030 
Greenhouse: Strong-host Crop 135 0.33 0.29 0.36 <0.001 
Greenhouse: Weak-host Crop 11 0.00 -0.13 0.13 0.988 
Greenhouse: Strong-host Weed 109 0.24 0.19 0.29 <0.001 
Greenhouse: Weak-host Weed 26 -0.19 -0.29 -0.08 0.004 
Inoculum 
Richness* 
Plant Type 
Mixed: Strong-host Crop 47 0.42 0.36 0.48 <0.001 
Mixed: Weak-host Crop 1 -0.01 -0.36 0.34 0.945 
Mixed: Strong-host Weed 67 0.20 0.13 0.26 <0.001 
Mixed: Weak-host Weed 30 -0.37 -0.50 -0.25 <0.001 
Single: Strong-host Crop 173 0.25 0.22 0.28 <0.001 
Single: Weak-host Crop 12 0.00 -0.12 0.12 0.989 
Single: Strong-host Weed 58 0.28 0.21 0.34 <0.001 
Single: Weak-host Weed 11 0.05 -0.09 0.20 0.492 
N 
fertilizer* 
Plant Type 
No N: Strong-host Crop 112 0.31 0.27 0.35 <.001 
No N: Weak-host Crop 7 0.06 -0.10 0.23 0.453 
No N: Strong-host Weed 72 0.39 0.32 0.46 <.001 
No N: Weak-host Weed 34 -0.31 -0.43 -0.20 <.001 
N: Strong-host Crop 108 0.25 0.21 0.29 <.001 
N: Weak-host Crop 6 -0.07 -0.24 0.10 0.425 
N: Strong-host Weed 52 0.09 0.03 0.16 0.006 
N: Weak-host Weed 7 0.08 -0.11 0.26 0.412 
P 
fertilizer* 
Plant Type 
  
No P: Strong-host Crop 116 0.31 0.27 0.35 <.001 
No P: Weak-host Crop 7 0.01 -0.16 0.17 0.911 
No P: Strong-host Weed 76 0.40 0.33 0.46 <.001 
No P: Weak-host Weed 30 -0.40 -0.54 -0.26 <.001 
P: Strong-host Crop 104 0.25 0.21 0.29 <.001 
P: Weak-host Crop 6 -0.01 -0.18 0.15 0.893 
P: Strong-host Weed 48 0.05 -0.02 0.12 0.139 
P: Weak-host Weed 11 0.01 -0.13 0.15 0.845 
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Table B3. Summary of statistics from Tukey's pairwise comparisons with Holm-Bonferroni 
corrected P-values for mixed models. When P-value for the corresponding comparison is less 
than 0.05, mean effect sizes are considered as significantly different from each other. 
 
Interaction effects Estimate SE Z-
value 
P-value 
Plant Type:Location     
Crop_Weak:Field Crop_Strong:Field -0.21 0.16 -1.32 1.000 
Weed_Strong:Field Crop_Strong:Field 0.05 0.12 0.46 1.000 
Weed_Weak:Field Crop_Strong:Field -0.60 0.18 -3.29 0.019 
Crop_Strong:Greenhouse Crop_Strong:Field 0.12 0.03 3.90 0.002 
Weed_Strong:Field Crop_Weak:Field 0.26 0.19 1.35 1.000 
Weed_Weak:Field Crop_Weak:Field -0.39 0.24 -1.66 1.000 
Crop_Weak:Greenhouse Crop_Weak:Field 0.00 0.17 -0.02 1.000 
Weed_Weak:Field Weed_Strong:Field -0.65 0.21 -3.04 0.042 
Weed_Strong:Greenhouse Weed_Strong:Field -0.02 0.12 -0.18 1.000 
Weed_Weak:Greenhouse Weed_Weak:Field 0.20 0.19 1.08 1.000 
Crop_Weak:Greenhouse Crop_Strong:Greenhouse -0.33 0.07 -4.80 <0.001 
Weed_Strong:Greenhouse Crop_Strong:Greenhouse -0.09 0.03 -2.81 0.081 
Weed_Weak:Greenhouse Crop_Strong:Greenhouse -0.51 0.06 -9.25 <0.001 
Weed_Strong:Greenhouse Crop_Weak:Greenhouse 0.24 0.07 3.43 0.012 
Weed_Weak:Greenhouse Crop_Weak:Greenhouse -0.19 0.08 -2.21 0.410 
Weed_Weak:Greenhouse Weed_Strong:Greenhouse -0.43 0.06 -7.35 <0.001 
Plant Type:Inoculum Richness      
Crop_Weak:Mixed Crop_Strong:Mixed -0.43 0.18 -2.36 0.221 
Weed_Strong:Mixed Crop_Strong:Mixed -0.22 0.05 -4.84 <0.001 
Weed_Weak:Mixed Crop_Strong:Mixed -0.79 0.07 -11.12 <0.001 
Crop_Strong:Single Crop_Strong:Mixed -0.17 0.04 -4.71 <0.001 
Weed_Strong:Mixed Crop_Weak:Mixed 0.21 0.18 1.15 1.000 
Weed_Weak:Mixed Crop_Weak:Mixed -0.36 0.19 -1.90 0.633 
Crop_Weak:Single Crop_Weak:Mixed 0.01 0.19 0.06 1.000 
Weed_Weak:Mixed Weed_Strong:Mixed -0.57 0.07 -7.98 <0.001 
Weed_Strong:Single Weed_Strong:Mixed 0.08 0.05 1.73 0.746 
Weed_Weak:Single Weed_Weak:Mixed 0.43 0.10 4.36 <0.001 
Crop_Weak:Single Crop_Strong:Single -0.25 0.06 -4.04 0.001 
Weed_Strong:Single Crop_Strong:Single 0.03 0.04 0.73 1.000 
Weed_Weak:Single Crop_Strong:Single -0.20 0.08 -2.65 0.104 
Weed_Strong:Single Crop_Weak:Single 0.28 0.07 4.04 0.001 
Weed_Weak:Single Crop_Weak:Single 0.05 0.10 0.54 1.000 
Weed_Weak:Single Weed_Strong:Single -0.23 0.08 -2.80 0.071 
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Table B3 (cont.) 
 
Interaction effect Estimate SE Z-value P-value 
Plant Type:N fertilizer     
Crop_Weak:No-N Crop_Strong:No-N -0.25 0.09 -2.91 0.047 
Weed_Strong:No-N Crop_Strong:No-N 0.08 0.04 1.90 0.464 
Weed_Weak:No-N Crop_Strong:No-N -0.63 0.06 -9.98 <0.001 
Crop_Strong:N Crop_Strong:No-N -0.06 0.03 -2.06 0.353 
Weed_Strong:No-N Crop_Weak:No-N 0.33 0.09 3.61 0.006 
Weed_Weak:No-N Crop_Weak:No-N -0.38 0.10 -3.67 0.005 
Crop_Weak:N Crop_Weak:No-N -0.13 0.12 -1.10 1.000 
Weed_Weak:No-N Weed_Strong:No-N -0.70 0.07 -10.22 <0.001 
Weed_Strong:N Weed_Strong:No-N -0.29 0.05 -6.03 <0.001 
Weed_Weak:N Weed_Weak:No-N 0.39 0.11 3.52 0.007 
Crop_Weak:N Crop_Strong:N -0.32 0.09 -3.58 0.006 
Weed_Strong:N Crop_Strong:N -0.16 0.04 -3.87 0.002 
Weed_Weak:N Crop_Strong:N -0.18 0.10 -1.81 0.488 
Weed_Strong:N Crop_Weak:N 0.16 0.09 1.75 0.488 
Weed_Weak:N Crop_Weak:N 0.15 0.13 1.14 1.000 
Weed_Weak:N Weed_Strong:N -0.02 0.10 -0.17 1.000 
Plant Type:P fertilizer     
Crop_Weak:No-P Crop_Strong:No-P -0.30 0.09 -3.51 0.005 
Weed_Strong:No-P Crop_Strong:No-P 0.09 0.04 2.23 0.204 
Weed_Weak:No-P Crop_Strong:No-P -0.71 0.07 -9.89 <0.001 
Crop_Strong:P Crop_Strong:No-P -0.06 0.03 -2.09 0.254 
Weed_Strong:No-P Crop_Weak:No-P 0.39 0.09 4.31 <0.001 
Weed_Weak:No-P Crop_Weak:No-P -0.41 0.11 -3.76 0.003 
Crop_Weak:P Crop_Weak:No-P -0.02 0.12 -0.18 1.000 
Weed_Weak:No-P Weed_Strong:No-P -0.80 0.08 -10.42 <0.001 
Weed_Strong:P Weed_Strong:No-P -0.35 0.05 -7.12 <0.001 
Weed_Weak:P Weed_Weak:No-P 0.41 0.10 4.16 <0.001 
Crop_Weak:P Crop_Strong:P -0.26 0.09 -3.02 0.025 
Weed_Strong:P Crop_Strong:P -0.20 0.04 -4.78 <0.001 
Weed_Weak:P Crop_Strong:P -0.24 0.07 -3.18 0.016 
Weed_Strong:P Crop_Weak:P 0.06 0.09 0.70 1.000 
Weed_Weak:P Crop_Weak:P 0.03 0.11 0.23 1.000 
Weed_Weak:P Weed_Strong:P -0.04 0.08 -0.49 1.000 
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Table B4. Variance in arbuscular mycorrhizal fungal community and plant biomass explained by 
the first component of the partial least square regression models. 
 
 
Year Plant species AMF community (%) Plant biomass (%) 
2014 Amaranthus tuberculatus 22.2   81.6  
 Chenopodium album 37.0   60.6 
 Abutilon theophrasti 23.7   74.9  
 Sida spinosa 16.3   79.0  
 Setaria pumilla 34.7   28.5  
 Zea mays 40.6   79.0  
2015 Amaranthus tuberculatus 42.8   31.8  
 Chenopodium album 49.7   5.4  
 Abutilon theophrasti 24.1   41.0  
 Sida spinosa 28.2   40.7  
 Setaria pumilla 21.8   46.3  
 Zea mays 10.6   68.5  
